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© Flectrothermal’ 


ELECTROTHERMAL ENGINEERING LTD. LONDON. E.7 Telephone: GRAngewood 991] 


Telegrams: Electrotop, London 
MANUFACTURERS OF INDUSTRIAL AND LABORATORY HEATING EQUIPMENT 
SCIENTIFIC INSTRUMENTS ELECTRONIC COMPONENTS * PLASTIC MOULDINGS 
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i305) Tramscaps 


for all Transistor Circuits 
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Diameter 


Thickness : 
Capacitance : 
Tolerance : 
Working voltage : 
Power factor: 


Leakage resistance : 


Va 


: 0.594 inches maximum 
0.156 inches maximum 
0.5 mfd 

-20% +50% 

3 volts d.c. 


Not greater than 5%, when 
measured at 1 kc/s, and 
less than 0.5 volts 

Not less than 100,000 ohms, 


when measured at 3 volts 


q 


Y 


ZZ 
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In line with the Erie policy of anticipating 
the component requirements of the future, the 
Erie Transcap capacitor is now added to our 
ever-increasing range of components for use 
with transistors. 

Designed specifically as a small, reliable, 
high capacitance, low voltage, coupling, and 
by-pass capacitor, the Erie developed Trans- 
cap is manufactured entirely at our Great 
Yarmouth factory. 

Style T, shown here in its actual physical 
size, is but a forerunner of the wide range, in 
differing values and voltages, which will 
ultimately emerge. 


1, HEDDON STREET, LONDON, W.1 
Telephon'e: REGent 6432 
FACTORIES 
Great Yarmouth and Tunbridge Wells, England: Trenton, 


Ont., Canada: Erie, Pa., Holly Springs, Miss., and 
Hawthorne, Cal., U.S.A. 


Registered Trade Mark 
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This is the smallest ‘spindle operated’ moulded 
carbon track potentiometer in production. Although it 
measures only 4” diameter it is rated at }W and 

the range of values is from 1kQ to 2.5 MQ. 

These factors will commend the Type L to all those 
design engineers who strive for greater miniaturisation 
in electronic equipment. 

Further constructional details and parameters are 
contained in Plessey Publication No. 313. 

Please request a copy. 


type L potentiometer 


by | Plessey 


THE PLESSEY COMPANY LIMITED 


CAPACITORS & RESISTORS DIVISION + SWINDON GROUP 

Kembrey Street - Swindon - Wiltshire 

Tel: Swindon 6211 - Telex: 44-355 - Telegrams: Plessey Telex Swindon 
Overseas Sales Organisation 

PLESSEY INTERNATIONAL LIMITED + Overseas Telegrams: Plessinter Telex Ilford 


Head Office: Uford - Essex » England 
Tel: Ilford 3040 - Telex: 23166 Plessey Ilford - Telegrams: Plessey Telex Ilford 
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/ Tantalum Electrolytic 
) Capacitors 


TYPE TE crow 
TYPE TS sou) 


THE FACT THAT high quality electrolytic capacitors can be made with 
tantalum has been known for many years. The practical development of 
this particular type of capacitor has been accelerated by the exacting 
demands for capacitors having exceptionally good characteristics for use 
in electronic circuits. The following types are available:— 


TYPE TF The plain or etched foil types which are of comparable construction to the 
well-known dry aluminium electrolytic capacitor and known as “ Foil Type 
Tantalum Capacitors.” These foil type units are suitable for standard 
circuitry where a size limitation exists requiring high capacitance at up to 
150V with wide temperature and/or long shelf life characteristics. 


ACTUAL SIZE 


, 


TYPE TS The solid type, in which the-anode is a formed tantalum wire or, more 
usually, a sintered pellet of compressed tantalum powder encased in a 
semiconductor and housed in a container fitted with wire lead terminations, 
This type is most suitable where it is undesirable to have any liquid com- 
ponent present and where exceptionally long shelf life, extremely small 
dimensions and operation at temperatures beyond the capacity of the foil 
type is essential. The peak operating voltage of the solid type is, at present, 
limited to 35 volts. 


The characteristics of Tantalum Capacitors differ from 3 They have considerably extended shelf life, with the 


the conventional types of electrolytic capacitors, in  2dded advantage of being operated over a much wider 
the following respects: temperature range: for example certain types are suit- 


able for operation over the range of—80° C. to-+ 85°C. 


| They are smaller. 4 ; F 
As tantalum capacitors are inherently resistant to 
chemical attack, the risk of internal corrosion is elimi- 
2 They have a lower leakage current and lower power nated and the fact that there are no riveted, crimped 
factor, i.e. a maximum of 10% for foil type and 5% for or stitched metal-to-metal connections is an additional 
solid type. insurance against risk of open-circuit failures in service. 


Catalogue TC 560, giving a full description of these capacitors, is available upon request. 


DUBILIER CONDENSER COMPANY (1925) LIMITED, DUCON WORKS, VICTORIA ROAD, NORTH ACTON, LONDON W.3 


Tel: Acorn 2241. Grams: Hivoltcon London Telex. Telex: 25373. Cables: Hivoltcon London. 
: DN 262 


tr” > catia 
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Transistorized 


UNIVERSAL 


COUNTER 


TIMER 


This fully transistorized portable equipment pro- 
vides for a wide range of time and frequency 
measurement as well as facilities for counting, 
frequency division and the provision of standard 
frequencies. The facilities available are briefly listed 
below: 


Frequency Measurement 


Random Countin ett 
: TIME/UNIT EVENT (1 LINE): For the measurement 


of the time interval between two occurrences in a 
continuously varying electrical function in the 
range 8usec to 1sec. The time for 1, 10 or 100 
Frequency Division such events can be measured. 


TIME/UNIT EVENT (2 LINE): For time measurement 
in range 1usec to 2777hrs. of any interval defined 
by a positive or negative going pulse in any 


Time Measurement combination. 


EVENTS/UNIT TIME: For frequency measurement 
in range 80c/s to 1Mc/s over period of 0-001, 0-01, 
0-1, 1 or 10secs. Crystal accuracy +2 parts in 
10°/week. For mains or 12Vd.c. operation. 


Frequency Standard — 


Full technical specification available on request. 


RANK CINTEL LIMITED 


CIN T E L WORSLEY BRIDGE ROAD -. LONDON - SE26 


INSYRU MENT 
wiston 


Sales and Servicing Agents: Atkins, Robertson & Whiteford Ltd., Industrial Estate, Thornliebank, Glasgow; 
McKellen Automation Ltd., 122 Seymour Grove, Old Trafford, Manchester, 16; Hawnt & Co. Ltd., 112/114 Pritchett Street, Birmingham 6. 


HITHER GREEN 4600 
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People of importance... 


...use G.E.C. Semiconductors... Because they can’t stand mediocrity, 


they prefer to take the best and think no more about It. 


This is why, when semiconductors are to be used, they look first to G.E.C. 


Here is the most versatile range of semiconductor devices in the 
country; sub-miniature signal diodes to Q-band mixers, low-power 
zener diodes to high-power controlled rectifiers and low-noise audio 


preamplifier transistors to high-speed switching transistors! 


All these devices are backed by the G.E.C. standard of reliability ( . 


ensured by continuous and extensive life-testing of the product. 


Write now for details of this remarkable range! 


SEMICONDUCTORS 


THE GENERAL ELECTRIC CO LTD - SEMICONDUCTOR DIVISION » SCHOOL STREET ° HAZEL GROVE * STOCKPORT + CHESHIRE 
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Ex 


in the clear 
! 


ny risk of damage by mechanical shock or impact, damp or exposure to climatic 


ynditions is minimized when electrical components are encapsulated in Araldite. 
jis range of epoxy resins provides excellent insulation and outstanding adhesion to 
etals, glass, ceramics, etc. used in the components of electrical and electronic 
rcuits. Perfect hermetic sealing is thus ensured. Araldite can be employed at room 
‘mperatures if necessary, and whether cured hot or cold the shrinkage on setting is 
»gligible. In addition to encapsulating components, Araldite offers great advantages 
_ casting, sealing, surface coating, impregnating and laminating. May we send you 


jore information on these remarkable resins? 


ARALDITE 


EPOXY 
RESINS 


Araldite is a registered trade name 


CIBA (A.R.L.) LTD. 
Duxford, Cambridge 


Tel: Sawston 2121° 


AP 530 ~ 
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“1e new microwave radio link in Canada between Saint 
ohn, New Brunswick and Sydney, Nova Scotia was 
ympleted one month ahead of schedule. The link con- 
sts of 8 terminal and 18 bothway repeater stations and 
‘cludes a path of 49 miles over water. This is the second 
‘age of the East Coast microwave complex undertaken 
intly by The New Brunswick Telephone Company and 
le Maritime Telegraph and Telephone Company. The 
ististage between Saint John and Moncton was com- 
‘eted last December and work is already well advanced 


1 the third stage between Moncton and Campbellton. 
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band and provides a main and standby (protection) 
channel on all routes. In the event of a failure or degra- 
dation of the working radio channel, changeover to 
standby is automatic. The capacity of each radio link is 
300 speech circuits. Whentrafficincreases and additional 
links are supplied, one standby will be used for several 
working channels. The standby channel can be utilised 
to carry television signals. 

The radio and multiplexing equipment used throughout 
the system were designed and manufactured by The 


General Electric Company Ltd. of England, and supplied 


he tadio system operates in the 2000 Mcls frequency and ‘installed by Canadian General Electric Company. 


ew Radio Link in Canada. 


ompleted ONE MONTH 
AHEAD OF SCHEDULE ~ 


EVERYTHING FOR TELECOMMUNICATIONS 


THE GENERAL ELECTRIC COMPANY LIMITED OF ENGLAND 
PELEPHONE WORKS - COVENTRY ENGLAND 


Norks at Coventry - London: Middlesbrough - Portsmouth 


Smee's GEC 69 
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. \ MARCONI 
i pe microwave 
communication 
systems 


S x 
WE’ 


Nod WOOO 


eT ae 


PLANNED 


WORLD LEADERS IN 
ALL TRAVELLING WAVE TUBE 
MICROWAVE SYSTEMS 


WY ie 
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IGH PERFORMANCE 
larconi microwave systems, with capacities from 60 to 960 channels and capable of 
trying high quality television, are designed to meet exacting international standards of 
irformance with margins in hand. 


)XTREME SIMPLICITY 
tavelling wave tube techniques ensure extremely simple circuitry and make full use of 
igh gain and great band width available. A unidirectional repeater consists of only three 
javelling wave tube amplifiers and one frequency change oscillator with their power supplies. 
| 
/REAT RELIABILITY 
he use of travelling wave tubes in the repeaters has allowed considerable reduction in 
(© number of valves and components used. Thus the likelihood of unexpected failure 
as been considerably reduced. 


‘ASY MAINTENANCE 


| 5 ; , ; 
‘he design of the units ensures easy access to all parts of the equipment and the extensive 
se of printed circuitry allows speedy and accurate replacement of precision circuits by 
ichnician staff, without realignment of the equipment. 


‘XTREME SAFETY 


ll high voltages are fully interlocked. 


INSTALLED 


i 
is 


| The Post and Telegraph Authorities in 
more than 80 countries rely on pe Crest 


Mobile Microwave 


Systems 
| 


COMMUNICATIONS SYSTEMS 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED : CHELMSFORD « ESSEX : ENGLAND 


V.H. 
telegraph 


4 


equipment 


ee A Bm ot 


TMC transistorized frequency modulated V.F. 
Telegraph Equipment is an acknowledged 
contribution to the recent advances made by 
the electronics industry in the field of 
telecommunications. In comparison with 
earlier designs, it effects considerable economies 
by using less space, reducing the power 
consumed and being simple to install as well as 
by easy to maintain. 

3 In Canada, and elsewhere, TMC V.F. Telegraph 

| Equipment is widely used. You'll find its general 
and technical features worthy of your attention. 


Further information from: 
Telephone Manufacturing Company Limited 


Transmission Division: 
Cray Works, Sevenoaks Way, Orpington, Kent 
Telephone: Orpington 26611 


SELLING AGENTS Australia and New Zealand: 
| Telephone Manufacturing Co. (A’sia) Pty. Ltd.. Sydney, New South Wales 
Canada and U.S.A.: 

Telephone Manufacturing Co. Ltd., Toronto, Ontario 

All other countries (for transmission equipment only) 

Automatic Telephone and Electric Co. Ltd., London 
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... from the largest... to the smallest 


The smallest resistor engineered by 


Expamet Cressall is approximately of 4 watts 


rating. Above this, almost any size and type 
of resistor or rheostat can be supplied. 
Such a service is unique and backed by 


* Wire wound resistors on porcelain unrivalled experience. Technical advice 


formers that can be pre-set 
by adjustable tapping bands to 
precise values. 


that makes full use of this unrivalled 


experience is freely available. 


EXPAMET and CRESSALL~go together all the way 


; %& These vitreous enamelled resistors 
are robust and capable of 
withstanding extremes in adverse 
conditions of operation. 


The Electrical Division of 
The Expanded Metal Company Ltd. 


LONDON OFFICE: 16 Caxton Street, London, S.W.1. Telephone: ABBey 7766 
WORKS: Stranton Works, West Hartlepool. Tel: Hartlepools 5531 


The Cressall Manufacturing Company Ltd., Eclipse Works, Tower Street, Birmingham 19 
Telephone: Aston Cross 2666 
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1:2 kVA 
ASR-1150 


COMPACT SERIES ASR & ATC. 


Ingenious step principle. Small, light, inexpensive. Designed to 
’ provide adequate stabilisation for many applications, without 
distortion. 600 VA to 2:4 kVA. Normal or tropical finish. 


AC AUTOMATIC Sapte 


PRECISION ELECTRONIC SERIES BAVR. 


Extremely rapid response. Very high accuracy of +0:15%. 
Models for ratings of 200, 500, & 1000 VA. Normal or tropical finish. 


HIGH-SPEED DISTORTIONLESS SERIES TCVR. 


For precision equipment, computers, etc. Accuracy +0:5%. 

Very high correction rate of 40 volts/sec. Large range, 2:2 to 

12:7 kVA single-phase, 6:5 to 38:2 kVA three-phase. Cabinet or 
rack-mounting models. Normal or tropical finish. Can be made to 
Services’ specifications, etc. 


77 KVA 
TCVR-7000-AR 


AND STABILISERS “""™ 


DISTORTIONLESS SERIES BM & BMVR. 

Wide industrial and laboratory applications. Accuracy +0°5 %. 
Very large range, 1-8 to 31-2 kVA single-phase, 6:5 to 94 kVA three- 
phase. Many models for rack-mounting. Normal or tropical finish. 
Can be made to Services’ specifications, etc. 


» Operation of all types independent of wide 


variations in frequency. 94 kVA. 
Special models manufactured to customers' BM-751-C d 
quantity requirements. (covers removed) 


information. (€\ (| aud eg fp ONS wt 0. 


STABILISER DIVISION 


} 


VALLEY WORKS + HODDESDON : HERTS + TEL: HODDESDON 4541-6 
x 
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C12G Cable Carrier System 


@ Fully Transistorised. 

@ 12 Channels on a single cable pair. (6-54 Kc/s and 60-108 Kc/s 
‘go’ and ‘return’). 

@ Automatic pilot regulation, suitable for aerial or buried cables. 

@ Straight or ‘frogging’ repeaters. 

@ Terminal for 2 complete systems with signalling and frequency 
generating equipment on one 9 ft. rackside. 

For details see Bulletin TEB 3201 


cs 


. oo Terminal Rackside 


ie 
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C960A 4 Mc/s Coaxial System 


@ Up to 960 high-grade telephone circuits on each pair of 
conventional coaxial tubes. 


@ Power fed dependent repeaters at 6 mile spacing. 


@ Main power feed stations up to 100 miles apart. 
@ Comprehensive maintenance and test facilities. 
@ Conforms to C.C.I.T.T. recommendations. ™ 


For details see Bulletin TEB 1411 


Left: Terminal Repeater (Receive) 
; Right: Terminal Repeater (Transmit) 
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C300A Small Core Coaxial System 


@ Fully Transistorised. 


——" 


@ 300 channel system for small core coaxial cables. 
@ Intermediate power fed repeaters in sealed buried boxes. 


SA 


@ Automatic pilot regulation, suitable for buried or aerial cable. 
@ Power feeding stations may be up to 60 miles apart. 
@ Inbuilt maintenance and fault location facilities. 

For details see Bulletin TEB 3202 


Right : Terminal Repeater “ 
Left: Intermediate Buried Repeater 


_ OE OTTO, | 


hea a 


_ The A.T.E Range of Cable Carrier Systems 
features equipment for large and small capacity 

| routes. All systems meet the internationally 
recognised C.C.I.T.T. requirements for trunk 

__ circuits, are of high quality and advanced design. 
, Write for further details to:— 


: AUTOMATIC TELEPHONE & ELECTRIC CO LTD 
Strowger House, Arundel Street, London, W.C.2. Phone: TEMple Bar 9262 


| A.T.E. TRANSMISSION EQUIPMENT TYPE CM FOR LINE, CABLE AND RADIO SYSTEMS. 


~ CX12A 12.5 Mc/s Coaxial System 


@ Up to 2,700 high grade telephone circuits or transmission of 
mixed traffic on a pair of conventional .375 inch dia. coaxial 
tubes. 


@ Conforms to C.C.I.T.T. recommendations and G.P.O. 
specifications. 


@ Dependent repeaters power fed from terminal equipment, with 
automatic transfer to local mains supply in case of failure. 


@ Comprehensive maintenance and test facilities. 


Left: Dependent Repeater —S ft. 
Right: Terminal Repeater—9 ft. 


OL, . 


t 
AT8931 


"For details see Bulletin TEB 1417 
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| Savings of > 507%. 


— IN PRICES! 
— IN TRIGGER POWER NEEDED! 
with — | 
AEI Silicon controlled Rectifiers 


AEI offers DUAL COST SAVING to users of Controlled Rectifiers. 
Substantial price reductions (announced mid-September) are accompanied by 


improved characteristics, so that trigger circuits can be designed more economically | 


_— 
Ss 


ao) 


© 


WORKING : a 
6 AREA 


Instantaneous trigger voltage—volts 


Min. trigger voltage to fire: 0°25v. 


0 OF M022 5.0235 024 0-6 0-8 1-0 oe 1-4 1-6 18 


Instantaneous trigger current—amperes 


Prices and full technical data can be obtained from AEI Regional and District Offices or from:— 


Associated Electrical Industries Limited | 


Electronic Apparatus Division 
VALVE & SEMICONDUCTOR SALES DEPARTMENT 
CARHOLME ROAD, LINCOLN Tel: Lincoln 26435 


aeecnm 
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LARGE 
KLYSTRONS 


The range of Klystrons manufactured by the 
ENGLISH ELECTRIC VALVE CO. LTD 


includes units of exceptional power. 
K347 is a three cavity pulsed Klystron capable of 
mechanical tuning over a band 580 to 615 Mc/s. 
It has a gain greater than 30 db and is 
capable.of peak power outputs in excess 
of soo kW. iy. 

K352 is also a three cavity pulsed Klystron 


a 


for operation at a frequency in the region 7 
of 2998 Mc/s. It can deliver a peak R.F. output 
of 6 MW and the power gain is greater than 32 db. 
4KM50,000LA is a four cavity CW 
Klystron for use in the band 400 to 610 Mc/s. 


The power output is not less than 10 kW with tags 


SE ENE BT 


a gain of 50 db. This Klystron is manufactured by 
arrangement with Eitel McCullough Inc., U.S.A. 


All the above Klystrons are magnetically focused. 


Full technical information on all types of 
ENGLISH ELECTRIC Klystrons will be forwarded on request. 


TUN Te MN 


SS 


“ENGLISH ELECTRIC’ 


AGENTS THROUGHOUT THE WORLD 


———————— 


ENGLISH ELECTRIC VALVE CO. LTD. Pi ak bes antics oe 


A microwave aerial 


tower on a Newfoundland 
route. 


STC 


are supplying 


main line microwé 
systems to 


18 countries 


7 A 


IZ 


Srandard Telephones and Cables Limited 


Register2d Office: Connaught House, Aldwych, London W.C.2 


TRANSMISSION DIVISION «- NORTH WOOLWICH - LONDON E.16 
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ver 7000 miles of 


microwave 
anada 


ELECTRONIC 
SYSTEMS 
GROUP 
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A New Step 


IN GENERATION | 


, 
A new step in the development of power generating plant in A375MWSUPER-GRITICAL — 
Britain has been taken with the decision of the Central TURBINE GENERATOR 


Electricity Generating Board to install large output turbine- Artist’s impression of a 375 MW Super- 
f She 3 critical Turbine-generator to be built for the 
generators operating at super-critical steam conditions. AEI, C.E'G B. Power Station at“ Drakcloumenae 


turbine will have four cylinders arranged on 
a single axis operating at inlet steam condi- 
ceived an order to build such a set with an output of 375 MW. tions of 3,500 psig and 1,100°R, with 
s reheat to 1050°F. The generator will be 
hydrogen-cooled with water-cooled stator 
windings, a system delevoped by AEI. 


Britain’s largest turbine-generator manufacturer, has re- 


Associated Electrical Industries Ltd 


Turbine-Generator Division 
WORKS AT MANCHESTER-RUGBY-GLASGOW -LARNE 


B/ A006 
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Where great things : 


are done with 


Microwaves 


RADAR: Fire Control + Navigation of Aircraft and Small Ships - Automatic Landing - Missile 
Guidance + Penipenders e COMMUNICATIONS: Multichannel Radio Links for telemetering 
Data and Speech e VALVES: Klystrons and Magnetrons for 35 Gc/s and 75 Gc/s bands + Monitor x 
Diodes for 1 Gc/s to 35 Gc/s * INSTRUMENTS: Comprehensive Waveguide measuring circuits 


covering 6 to 75 Gc/s « RESEARCH: Outstanding Research and Development of the latest techniques. 


COMMUNICATIONS DIVISION + RADAR DIVISION + VALVE DIVISION 


is L { re) TT MICROWAVE & ELECTRONIC INSTRUMENTS DIVISION » RADAR RESEARCH LABORATORY we 


ELLIOTT BROTHERS (LONDON) LTD. 


ELSTREE WAY, BOREHAMWOOD, HERTFORDSHIRE - ELSTREE 2040 rye 
AIRPORT WORKS, ROCHESTER, KENT. - CHATHAM 4/4400 3 i Beets | 


EY A MEMBER OF THE ELLIOTT-AUTOMATION GROUP 
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from -55°C to +155” 


This new range of aluminium Mark 5 connectors embodies the main 
features of the well-established Plessey Mark 4 connector plus 
additional characteristics for safe operation between 

—55°Cand 4+155°C! 

Designed specifically to provide thoroughly efficient and reliable service 
at the extended temperatures of modern requirements, the Mark 5 
range has passed successfully Type Approval tests to the conditions 
specified in DEF 5321 (July 1958), maintaining a pressure sealing of 

20 1b. p.s.i. between —40°C and +155°C. Where pressure sealing is not 
essential, efficient operation to —55°C is attained. 

This standard of performance has resulted in the Mark 5 Connector 
being adopted by the Ministry of Aviation as the Pattern 104 connector. 


Wiring and Connectors Division 


THE PLESSEY COMPANY LIMITED - Cheney Manor - Swindon - Wilts - Swindon 6251 


Overseas Sales Organisation: PLESSEY INTERNATIONAL LIMITED - ILFORD - ESSEX + ILFORD 3040 


Bw: 
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_ COUNTER 


TYPE TF 1345 


OPTIONAL ACCESSORIES 


VIDEO AMPLIFIER TYPE TM 5950 


FREQUENCY CONVERTER TYPE TM 5951 
(10 Mc/s TO 100 Mc/s) 


FREQUENCY CONVERTER TYPE TM 5952 
(100 Mc/s TO 220 Mc/s) 


TIME INTERVAL UNIT TYPE TM 5953 
OSCILLATOR —1 PART IN 10’ PER WEEK 


BRIEF SPECIFICATION 


High-speed counter/timer with built-in precision 
frequency standard. Stability: +2 parts in 10’ short term. 
Readout by neon indicators on 8-decade digital display. 
Counts up to 107 per sec; measures frequency from 10 c/s to 
j to Mc/s, period of waveforms up to 100 kc/s. Selection of 
plug-in accessories extends frequency range to 220 Mc/s, 
allows time measurement down to I usec, increases sensitivity 
to 10 mV. Display time: manual, or continuously variable 
from 0.1 to 10 sec. with automatic and repetitive resetting. 
For bench or rack mounting. 

For full details, write for leaflet K178. 


MARCO Re | Please address enquiries to 
MARCONI INSTRUMENTS LTD., at your nearest office: 


Lond d the South 
I N s T R U M E N T s : Merson Hotise, Scand Petes. W.C.2. Telephone : COVent Garden 1234 


Midlands: 

Marconi House, 24 The Parade, Leamington Spa. Telephone: 1408 
North: 

23/25 Station Square, Harrogate. Telephone: 67455 

Export Department: 

Marconi Instruments Ltd., St. Albans, Herts. Telephone: St. Albans 5616/ 


REPRESENTATION IN 68 COUNTRIES 


TCI78 


The “Belling-Lee”’ laboratories 
include a fully equipped Type Test 
Department where, for example, 
mass spectrometry is employed for 
measuring the efficiency of seals. 
This is the latest technique which 
enables minute traces of a selected 
gas to be detected and accurately 
assessed in a matter of minutes, 
and renders the tracing of leakage 


rates as low as 10-6 lusec under a 


pressure differential of one atmosphere 
a routine matter. With relatively 
little extra difficulty, leakage rates down 
to ro-T° lusec can be measured, which 
represents a leakage of approximately I c.c. 
in 250,000 years! The lusec, or litre, micron 
per second, is defined as the flow of as much gas 
as would produce a pressure increase of 1 micron 
(.00r mm.) of mercury per second in a 1 litre container, 


atO.Gs 


Most ‘‘Belling Lee’’ products are covered by patents” 
registered designs or applications. 


BELLING ¢ LEE LTD 


GREAT CAMBRIDGE ROAD, ENFIELD, MIDDX., ENGLAND 


Telephone: Enfield 5393 + Telegrams: Radiobel, Enfield 


TERMINALS - PLUGS & SOCKETS +» GLASS SEALS = CiRaaiaes 
Regd. PROTECTION DEVICES - INTERFERENCE FILTERS - RECEIVING AERIALS 
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for 

| subscriber 
| | trunk 
dialling... 


The success of Subscriber Trunk 
Dialling depends to a large extent 
on the provision of a grade of 


service on long distance routes 


similar to that enjoyed in local 


exchange switching. To achieve such 


LD 
= 
I 
= 
= 
= 
= 
= 
= 


== 


service economically it is essential 
that a high outlet availability 

is provided at trunk switching 
centres, coupled with the facility 


for flexible allocation of outlets. 


The AKI Motor Uniselector was 


expressly designed to meet these 
needs and its outstanding success 
in operator controlled trunk 
switching in the United Kingdom 
and many other parts of the world 
is a guarantee of its equal success 
under subscriber trunk dialling 
conditions. High search speed, twin 
wiper contact, low vibration and lack 
of microphonic noise are some of 
the further features which combine 
with the unique reliability of the 


mechanism to make it the obvious 


choice for modern trunk switching. 


Associated Electrical Industries Limited 
; Telecommunications Division 
WOOLWICH, LONDON, S.E.18 
formerly the Telecommunications Division of Siemens. Edison. Swan Limited 


TA4196 
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Gap Filling 


Marconi Translators enable coverage to be 
complete in difficult reception areas, where 
topographical or other conditions cause the 
field strength to be insufficient for normal 
domestic receivers. 


TELEVISION TRANSLATORS (3W) 


Only one guard channel required for any 
combination of input and output frequencies. 


Can be used as a translator or a low-power 
local transmitter or a combination of both, in 


Bands I or III. 


Common amplifiers used for vision and sound 
channels. 


50W Amplifier also available, which can be 
added later if required. 


. 


Automatic operation—no permanent staff required. 
Designed to be mounted on standard 19 in (48 cm) 
racks. Adequate protection against dangerous volt- 
ages. Simple construction and economical initial 
and running costs. Can be housed in special cubicles 


for outdoor mounting. Can be purchased in units 


and assembled to meet needs as they arise. 


‘Already in use by the B.B.C. and Swedish Royal COMPLETE SOUND 
Board of Telecommunications. AND VISION SYSTEMS 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLAND. 
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60 channels per 
bayside... 


complete with carrier and 
power supplies 


SIEMENS EDISWAN new equipment construction (E.C.3) 
offers this space saving advantage as well as these 
other features: 


120 channel bay from 2 independent mountable baysides 
bolted back-to-back 


Complete with carrier and power supplies and inbuilt 
outband signalling 


Plug-in units 


Fully transistorised; designed and built to C.C.LT.T. 
standards 


Complete and easy access to all components 


Uses standard 9 ft. by 204 in. bays, allowing immediate 
incorporation into existing station arrangernents 


Station cabling terminates at each 6-channel block 


6—channel block 
(prewired and pretested) 


Fast and easy access 
for servicing 


Typical plug-in panel 


vast experience 


Telecommunications Division <3 
155 Charing Cross Road London WC2 GERrard 8660 
\" . ss 
G Associated Electrical Industries Limited 
' 
\ 
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Lewcos insulated 
resistance wires 
have been used 
for many years 

for winding 
resistances for 
instruments, 
radio, 
control 
apparatus, 
etc. These 
fine and 
superfine 
wires meet the 
demands of the 
Electrical Industry for 
high precision and: 
exceptional properties. 


Supplied with standard coverings of 
cotton, silk, rayon, enamel and glass. 


THE LONDON ELECTRIC WIRE CO. & SMITHS LIMITED LEYTON LONDON ~- €E.10 


| WIREWOUND RESISTORS 
— PRECISION — 
=F ViTREOUSHE== 
— COMMERCIAL — 
| TRANSFORMERS, CHOKES 
AND ALLIED PRODUCTS 
we Siete e 


ie ses es 


Designed and 


built to machii 


standard 


tool 


Ramload up 
100!bs. 


Supplied with 3in. 0 
6in. stroke, with o 
without guided bracket 
Built-in limit switche 
and tachometer genera 
tor for feedback. 


Available with magnetic 
or transistor/magneti) 
amplifiers, acting of 


control impulses o 

milliamps. or micro 

amps. resp. . 
ERG INDUSTRIAL CORPORATION LTD F. HIRSCHMANN LTD 
LUTON ROAD WORKS - DUNSTABLE - BEDS - Tel: Dunstable 2241 93 HIGHVIEW ROAD, LONDON, W.13. 
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NEW VINKOR SERIES 


A new series of Vinkor adjustable pot The world’s most efficient pot core as- 
cores has been developed by Mullard for sembly, the Mullard Vinkor gives a choice 
use in the frequefcy range 100 kc/s to of 3 permeabilities and has exceptionally 
2Mc/s. Thisseries isin addition to the highly high performance and stability. Write today 
successful group already widely used for for full details of the wide range of Vinkors 
frequencies between 1 kc/s and 200 kc/s. now available. 


Mullard 


ADJUSTABLE POT CORE ASSEMBLIES 


Mullard MULLARD LTDiy, COMPONENT DIVISION, MULLARD HOUSE, TORRINGTON PLACE, W.C.1. 
‘4 MCI 
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PLUGS AND SOCKETS 


The plugs and sockets shown are 
for use in underwater junctions 
or outside installations. Moulded 
in Alkathene the loading capacity 
is 350 volts at 5 amps. max. 


P.O. TRANSISTOR AMPLIFIER 


This P.O. Transistor Amplifier 
moulding is another example of 
potted components, the illustra- 
tion is of a development of a 
miniature version of theamplifier 
100A, this model utilising transis- 
tors to replace the miniature 
valves. : 


SCREEN LINE TRANSFORMER 


This is an astatic wound A.F. 
screened line transformer with 
the windings encapsulated in 
epoxy resin. The insulation of 
the ‘‘line’’ winding provides iso- 
lation against voltages of 30 kV 
RMS. 


WHITELEY ELECTRICAL RADIO 
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(9 Mouldings and Electronic Components — 


MINIATURE BOBBINS 


Illustrated are a range of moulded £ 
bobbin assemblies for small trans- 
formers and chokes. Moulded in 
Polystyrene or Polythene, they 


are available in various colours. 


PLUG-IN OSCILLATOR 


This fixed frequency oscillator is 
constructed on a standard octal 
base and encapsulated in epoxy 
resin. Output: 10 mw into a 
600 ohm load. Frequency: as 
required within the range 700- 
2000 c.p.s. sinusoidal. 


POLYTHENE MOULDED KNOBS 


We illustrate examples of our ex- 
tensive range of knobs moulded 
in Polythene. This particular 
series has been developed for the 
R.A.F. and was designed by us to 
enable cockpit controls to be 
recognised by touch. 


CO LTD 


NOTTS 


WA/Ié 


MANSFIELD - 


(REGD. TRADE-MARK) 


PHASE SHIFTING 
TRANSFORMER 


This instrument provides con- 
venient means for adjusting 
» the phase angle or power 
factor in alternating current 
circuits when testing single 
or polyphase service meters, 
wattmeters, or power factor 
indicators, etc. It is also the 
simplest 


means for teaching 
and demonstrating Alternating 
Current Theory as affecting 
phase angle and power factor. 


Illustrated brochure free on request 


The ZENITH ELECTRIC CO. Ltd. 
ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREEN 
LONDON, N.W.2 


Telephone : WILlesden 6581-5 Telegrams: Voltaohm, Norphone, London 


MANUFACTURERS  OF_ ELFCIRICAL EQUIPMENT 
INCLUDING RADIO AND TELEVISION COMPONENTS 


WIREWOUND RESISTORS | 
— PRECISION — | 
— VITREOUS 
— COMMERCIAL — 
TRANSFORMERS, CHOKES» 
AND ALLIED PRODUCTS & 


REESE 


ERG INDUSTRIAL CORPORATION L 
LUTON ROAD WORKS + DUNSTABLE « BEDS - Tel: Dunstable 


VOU KNOW WHICH IS BETTER! 


Just by looking at these two circuits, the, experienced 
designer knows which is better. He knows that the 
simple, straightforward circuit shown above, incorpor- 
ating Semiconductors’ SB Transistors, offers real 
performance-improving, cost-saving advantages. 


* if you want circuit simplification 
* if you want high volumetric efficiency 


* \f you want fewer joints 


* if you want parameter variation immunity... 


_ ++. it will pay you to investigate the benefits 
of Semiconductors’ transistors for Directly Coupled 
Circuits. 


Write or ‘phone Semiconductors’ Applications Laboratory — Swindon 6421. 


Semiconductors limited 


CHENEY MANOR * SWINDON - WILTSHIRE 
Telephone: Swindon 6421 


ONE OF THE | Plessey | GROUP OF COMPANIES 
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ERSIN MULTICORE 5-CORE SOLDER 


The A.I.D. approved type 362 flux, incorporated 
in Ersin Multicore 5-Core Solder, is very effective 
on heavily oxidised surfaces and often allows the 
use of a lower tin content alloy, Ersin Multicore 
5-Core Solder is supplied on 7 1b. reels in 
9g standard gauges and 6 alloys. Even gauges 
from 24-34 s.w.g. are available in 2 alloys on 
I lb. and $ lb. reels. 


PERCENTAGE OF LEAD (metrine point of Lean 327°C) 
100 80 70 


60 SS 50 40 


CONSTITUTION OF 
ALLOYS OF ERSIN 
MULTICORE SOLDER *”** 


The diagram shows 
that all the standard 37° '%* 
alloys of Ersin Multi- 
core Solder have a 
plastic range, i.e., on 
heating they are pasty 
between the solid and 
liquid states. Practical 
experience has shown 
that there’ are advan- 
tages in having a 
plastic range, e.g. for 
tag jointing where the 
use of 60/40 alloy 
obviates fractures 


30-30 -40:4550~— «60 “100 
PERCENTAGE OF TIN (mectine point oF TIN 232¢) 
which may occur with other alloys where 
there is slight vibration while the solder 
is setting solid. 


Tel: Boxmoor 3636 (4 lines). Grams and Cables: Multicore Hempstead. 
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MULTIGORE solder 


PRINTED CIRCUITS 


Leaflet P.C.L. 101 gives full details 
of a complete soldering process 
developed by Multicore Laboratories 
for printed circuits. 


MULTICORE SOLDERS LTD., MULTICORE WORKS, HEMEL HEMPSTEAD. HERTS. 


; 


SAVBIT TYPE 1 ALLOY Atade under sol 
British Licence of Patent No. 721,881. 
Savbit Type 1 alloy was developed afte: 
extensive research in the Multicor 
Laboratories into the main causes of bi 
wear. It incorporates a small percentag 
of copper which prevents absorption 0 
copper from the bit into the solder alloy 
After prolonged tests, it was found tha 
the life of solder bits was increased bi 
up to Io times. The speed of solderin 
is not affected. ( 


SPECIAL ALLOYS 


4 special alloys can be supplied fo 

particular purposes: i 

Comsol with a high melting point o 
296°C. 

T.L.C. alloy with a melting point 0 
145°C is made from tin, lead an 
cadmium. 

P.T. (Pure Tin) alloy, with a meltin, 
point of 232°C, is lead-free. 

L.M.P. alloy, with 2% silver content 
which melts at 179°C for silver 
coated components. 


PUBLICATIONS 


Laboratory engineers and technicians 
are invited to writeon their company’s 
letter-heading for the latest edition, 
of Modern Solders. It contains data. 
on melting points, gauges, alloys, etc. 


ee nen ee eee cece eae eeaenencenecsseaecanscessssnauasenssousenscseescssnrs “nes 


Soldering 


AIDCOLRBy 


(Regd. Trade Mark ) 
ILLUSTRATED 
°/,, BIT MODEL, 264 


IN PROTECTIVE SHIELD 
L 700 


WIPING PAD. REDUCES 
THE DESTRUCTIVE PRACTICE 
OF FILING BITS 


British and Foreign Pats. 


Reg. design, etc. 


For further information apply Head Office: 
ADCOLA PRODUCTS LTD. 
GAUDEN ROAD 
CLAPHAM HIGH STREET 
LONDON S.W.4 


Tel: MAC 4272 & 3101 Telegrams: SOLJOINT 


Instruments 


power... 


for navigational aids 


Manufactures Include :- 


: MOTOR GENERATOR SETS. 


HIGH FREQUENCY ALTERNATORS (400 TO 3,000 
CYCLES PER SECOND). : 


ROTARY TRANSFORMERS & CONVERTORS. a 
AUTOMATIC CARBON PILE VOLTAGE REGULATORS 
TRANSISTORISED VOLTAGE REGULATORS. 
TRANSISTORISED INVERTORS, 


The illustration shows 
a 24 KYA drip-proof 
motor alternator 
with output 120 volts, 
3 phase, 333 cycles 

per second. 


ALFRETON ROAD DERB 


PHONE. DERBY 47676 (4 LINES) GRAMS: DYNAMO, DERBY 
London Office: IMPERIAL BUILDINGS, 56 KINGSWAY W.C 2 
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WJRELAYsS 


30 CIRCUIT ARRANGEMENTS 
ON STANDARD BASE 


FRONT WIRING ENCLOSED BACK WIRING 


Arrow Relays are C.S.A. approved (No 13336 at 110 volts A. = 
and embody these outstanding features: 


Up to 30 circuit arrangements on the standard base. 
Available for surface mounting, back of panel wiring or enclosed. 


Completely silent in service. 


Silver to silver butt type contacts. 


Arrow Relays are rated up to Io amps per pole at 230v. A.C, 
Operating coils, of low wattage consumption and continuously 


rated, are available for 6 to 55ov. A.C. and 6 to 23o0v. D.C, 
Send for the ARROW MS II CATALOGUE today 


ARROW ELECTRIC SWITCHES LTD - HANGER LANE - LONDON - W.5 
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Abridged Data 


P.I.V. | ik(pk) | Ik(av) 
Type No. |American| CV No. | Base Vi If max. | max. max. 
No. (V) | (A) | (kV) (A) (A) 
RR3-250 3B28 CV1835 | 4-pin 2,915.0 10 1.0 nea 
UX 5.0 2.0 0.5 
RR3-1250 4B32 CV2518 | B4F 5:0") 7.0 10 5.0 1.25 | 
RR38-1250A _- CV2399 | Goliath | 4.0 11 13 5.0 1.25 
Edison 
Screw 
RR3-1250B _- _ Goliath | 4.0 | 7.0 13 5.0 1.25 
Edison 
Screw 
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Heating-up 


Time 
(sec) 


10 


30 
30 


30 : 


a 


Mullard xenon range gives 


short heating-up time 
range 


\y) 
~~ 


als 
“r 


els 
~ 


safety margin on breakdown voltage 


Xenon rectifiers can be operated over a wide ambient 
temperature range, they are not restricted to vertical mount- 
ing, they have a short heating-up time and require no 
“conditioning” on first being put into service. These and 
other features make for great operational convenience and 
the valves are suitable for use in both fixed and mobile 
equipment under all climatic conditions. 


c 
ZA 


, \a voltage @ 
yey rectifiers § 


no conditioning on installation 


GOVERNMENT AND 
INDUSTRIAL VALVE DIVISION 


you 
wide ambient temperature 
high 
long life 


Two of the valves can be used as plug-in replacements fo! 
mercury types: the RR3-1250B in place ov the RG3-1250 
and the RR3-1250A in place of the RG4-1250 (CV5) in appli: 
cations where the peak inverse voltage does not exceed 
13kV. Further details of both Mullard xenon and mercury 
vapour types are given in the leaflet ‘‘High Voltage Recti- 
fiers” which is freely available from the address below. 


als 
“— 


ele 
C4 (‘od 


GOVERNMENT AND INDUSTRIAL VALVE DIVISION, 
MULLARD LIMITED, MULLARD HOUSE, TORRINGTON PLACE, LONDON, WC1. TEL: LANGHAM 6633 


(FB mvt 401 
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Noise power excluding image 


frequency contribution 15:25db 
Operating Current 35mA 
Overall Length $y" 
Base Diameter 0°64” 
Discharge Tube Diameter 0°185” 


FERRANTI LTD - KINGS CROSS ROAD - DUNDEE 
- Telephone DUNDEE 87141 


DS/T73 
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STANTELUM 


STANDARD 
FOILAYEE 


(POLAR AND NON-POLAR) 


HIGH TEMPERATURE 
POLS TYE 


(POLAR AND NON-POLAR) 


Type approved to R.C.S. 134B 
Temperature Range: 


Designed to withstand conditions of 
hightemperatureandhighvibration. 


-40 to+85°C. 
Temperature Range: -40 to+125°C Ss Voltage Range: a 
Voltage Range: 6 to 100V. d.c. 6 to 150V. d.c. 
Capacitance Range: 0.2 to 200uF. Capacitance enc 9 200 uF 


TANTALUM 


electrolytic 


Capacitors 


STC manufacture a full range of tantalum electro- 


lytic capacitors available in the following types: 


MINIATURE 
FOLEY PE 


(POLAR) 


SOLID TYPE 


(POLAR) 


A foil type tantalum capacitor 
in its most economical form. 


Sintered Slug and solid electrolyte 


Temperature Range: construction. 
-25 to+-70°C. R .  -55 to 485°C 
Voltage Range: Temperature Range: - o+ 3 
3 to 25V. d.c. Voltage Range: 6 to 35V. d.c. 
C. i : 
saga SrA to 16 uF. Capacitance Range: 1 to 220 uF. 


Write for details of the above Capacitors to: 


Standard Telephones and Cables Limite 


Registered Office: Connaught House, Aldwych, London W.C.2. 
CAPACITOR DIVISION: BRIXHAM ROAD - PAIGNTON 
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EXAMPLES 
FROM A WIDE 


A.C. DIRECT-ON-LINE 
CONTACTOR with load 
breaking interlocked iso- 
lating switch. Up to 30 hip. 


DONOVAN 


A.C. DIRECT-ON-LINE 
CONTACTOR STARTERS Automatic 


Automatic Gear can _ give 
almost any required opera- 
tion and while some applica- 
: ee tions would not be economic, 
she ees a surprisingly large number 
to-day are not only possible _ 
but extremely profitable. Our © LIMIT SWITCHES 
Automation Engineers will 
be glad to advise you. 


CONTROL. 


| LONDON DEPOT: 149-151, York Way, N.7. 


A.C. AND D.C. STARTERS 


STAR-DELTA STARTERS 


Sizes up to 400 h.p. Up to 150 h.p 


L PURPOSE CO 


FOR MOST INDUSTRIES 
AND APPLICATIONS 


A wide range of 

PUSH-BUTTONS 
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heavy duty. 


for A.C. and D.C. 
control circuits, 
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SMALL DIMENSIONS - LARGE DISSIPATION - LOW SLOPE IMPEDANCE 


3:3-15 VOLTS - 400 mW @ 25°C - 80 mW @ 125°C 


NEW FROM TEXAS—The 187000 Series—to replace neons and standard 
cells in a wide variety of voltage reference circuits. They allow designers 


maximum flexibility in circuit design of equipment for stable, reliable operation 
at elevated temperatures. SMALL SIZE, standardised hard-glass hermetically- 
sealed case, plus a high degree of reliability make these devices particularly 
suitable for introduction into AUTOMATIC assembly lines. 187000 Series 
Zener Diodes are available in two ranges (5% and 10% tolerance ratings), meet 
CV specifications and may be ordered in PRODUCTION QUANTITIES—NOW. 


ACTUAL SIZE 2.1000 


100 
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SLOPE IMPEDANCE 


PE TTP ATE 


BREAKDOWN VOLTAGE at 5 mA (Vz) 
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SUMMARY 


lowing a brief history of the B.B.C.’s external services, the paper 
nes the reasons for the present form of centralization at Bush 
se. The method of programme building is considered and the 
io and recording facilities are detailed. The equipment in the 
rol room and other technical areas is described. Installation 
lems are discussed and the paper concludes with some notes on 
tical experience with the installation in service. 


(1) HISTORICAL SURVEY 
(1.1) Pre-War Services 


1 November, 1927, the British Broadcasting Corporation 
gurated a series of experimental transmissions of items 
1 their programmes on a wavelength of 24m (12-5 Mc/s) 
1 a transmitter of 8-10kW at Chelmsford. In view of the 
t interest in these experimental transmissions, especially in 
Dominions and Colonies, it was decided that a more com- 
iensive short-wave service was justified. The original Empire 
ice, in English, was opened on 19th December, 1932, on 
transmitters of 10-15kW installed at Daventry, with a 
plement of six directional and six omnidirectional aerials. 
single programme of some ten hours per day was radiated. 
ount was taken of the differences in longitude of the various 
s of the Dominions and Colonies by suitable timing of the 
smissions. 

uring the early years the arrangements for the presentation 
lis service were relatively straightforward, as it ran more or 
in parallel with the domestic service. A single line feed to 
entry was adequate; many of the items were radiated ‘live’ 
multaneous broadcasts from the domestic services. 

he major departure was the recording of programmes at the 
of the live broadcast, for reproduction to different areas in 
‘transmissions. This overcame the difficulties arising from 
use of directional beams, which served only a limited target 
at one time, and also the fact that peak local listening times 
2d widely in Greenwich mean time. This necessitated a con- 
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siderable expansion of both recording and reproducing facilities, 
and much experimental work was undertaken on systems other 
than disc, e.g. Marconi-Stille, Philips-Miller, etc. Facilities were 
also provided for additional news bulletins. 

With the worsening international situation in 1938, pro- 
grammes to foreign countries, mainly news bulletins, in languages 
other than English were introduced. Studio space was provided 
at Broadcasting House. 


(1.2) Wartime Expansion 


By the end of 1939, bulletins in several additional languages 
had been added. Separate Empire and European services were 
now envisaged and additional studio facilities were obtained by 
the use of existing studio premises at Maida Vale. 

During 1940, further bulletins were introduced, making, in all, 
programmes in 43 languages. 

More studio facilities were needed and during 1939-40 the 
major part of the Empire service was evacuated to Wood Norton, 
near Evesham. The Empire and European services continued 
to expand and ultimately became: 

Empire Service —(a) World service in English for 20 hours per 
day, divided into four main transmission periods. 

(b) More specialized regional services in English, for some 84 
hours per day, for the Commonwealth countries. 

European Service.—(a) Mainly Central European languages for 


some 18 hours per day. 
(b) Mainly Balkan languages for about 84 hours per day. 


Further studio facilities were provided for the Empire service 
by developments at Wood Norton, and for the European 
service by the conversion of offices in Bush House into a small 
control room with news studios and recording rooms. 

In 1940, additional premises were taken over near Wood 
Norton and equipped to provide studios and a control room 
for one network. A significant point in the operation of these 
studios was the close association, encouraged by the juxta- 
position of the control room and studios, which developed 
between the control room and studio staff. This close method 
of programme operation later developed into the form of con- 
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tinuity suite working used at Oxford Street and, for certain 
networks, at Bush House. 

With the increasing pressure on studio requirements and the 
threat of enemy bombing, plans were drawn up for further 
expansion by the use of premises at Aldenham for the Empire 
service (December, 1941), the conversion of a large store at 
200, Oxford Street for the Empire service (May, 1942) and the 
extension of Bush House facilities for the European service (end 
of 1942). 

(1.3) Programme Distribution 


This rapid expansion gave rise to many problems concerning 
the technical operation of studios, lines and transmitters, due to 
the use of languages other than English. These were solved by 
introducing ‘colour coding’ in an elementary form throughout 
the system during 1939-40. 

The short-wave transmitters, situated in different parts of the 
United Kingdom, were connected to the studio centres by Post 
Office lines. The number of lines to each transmitter site was 
related to the number of ‘colour networks’ radiated simul- 
taneously. Programme duration was standardized on the basis 
of multiples of one quarter-hour (Section 3.1) and the separate 
language programmes became contributions to the relevant 
colour networks. Each line was scheduled to carry one or more 
colour network(s) in succession, the complete 24-hour sequence 
being designated a ‘chain’, to which a number was allocated. 

At the sending end, each colour network had to be connected 
to the appropriate chain at the correct time. At the transmitter 
sites, each chain had to be connected to the correct sender(s). 
(The sequence of colours in a chain was not necessarily the same 
as the sequence of colours required by a particular sender.) 

In May, 1943, all programmes for the external services were 
routed into Aldenham, which became the sending end. The 
time available for switching the colours at each quarter-hour 
being only a few seconds, it was necessary to preset all chains 
and switch them simultaneously. 

Two bays of jackfields were provided, designated X and Y, 
each equipped with jacks for colours and jacks for chains. The 
required set-up was plugged for the current quarter-hour on one 
bay and for the following quarter-hour on the other. Either the 
X or Y bay was ‘on transmission’, the chains being connected 
to the lines by relays. At the appropriate time, the operation 
of a key changed the lines from one bay to the other. The 
engineer then had a quarter-hour in which to replug the bay 
which had come ‘off transmission’. Comprehensive monitoring 
was provided. 

The switching at the transmitters was done manually at each 
quarter-hour, if required. This manual switching has since been 
replaced by automatic switching at some transmitters. 


(1.4) Post-War Concentration 


At the end of the war, all overseas services were concentrated 
at Bush House and Oxford Street, and by May, 1952, the studios 
at Aldenham and Wood Norton had closed down, the switching 
bays having already been transferred to Bush House. Pro- 
grammes originating in Oxford Street were sent to Bush House 
for distribution to the various transmitters. 

Generally speaking, this was the position until the new control 
room at Bush House was commissioned in November, 1957. 


(2) CONCENTRATION AT BUSH HOUSE 
(2.1) Alternative Proposals for New Control Facilities 
The proposed concentration of the external services at Bush 
House was first considered in 1949, in anticipation of the eventual 


de-requisitioning of 200, Oxford Street which finally occurred in 
December, 1957. 
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Three alternative methods of expanding the control 
facilities at Bush House were discussed: 


(a) To enlarge the existing control room in the basement ar 

(6) To provide a new control room to handle the Overseas Sei 
transferred from Oxford Street, leaving the old control Toe 
carry European services, as formerly. 

(c) To provide a comprehensive control room capable of ae 
modating all services. 


The outstanding arguments in favour of a comprehe 
control room, leading to the adoption of (c), were: 

(i) It was estimated that there would be a saving in stz 
25 compared with either of the other proposals. 

(ii) Although the estimated capital cost was substantially t 
than ‘the alternatives, it appeared that revenue savings would 
this in less than three years. 

Gii) On completion, the equipment would be up to date ir 
of comprising obsolete_or hybrid designs. 

(iv) A control room above ground level would be an impc 
factor in improving working conditions for staff, apart fror 
stimulating effect of handling equipment of modern design. 

(v) There was considerable doubt as to the availability of suf 
space to expand the old control room. 


Accordingly, in June, 1954, a specification for a new co 
room and ancillary areas in the centre block was prod 
Design work and planning was started on the studios, reco 
areas and continuity suites, in addition to the control | 
itself. The new studios were to be accommodated in the : 
block. 

(2.2) Method of Switching* 


Three basic systems were considered: plugs and jacks, 4 
and motor uniselectors. Plugs and jacks were in use i 
existing control rooms at Oxford Street and Bush House. 
provide complete flexibility at a low capital cost but are u 
and uneconomical in operating staff for a large install: 
Relays are satisfactory for a small or medium-sized control | 
and are used by the B.B.C. under these conditions. Fi 
installation of the size of Bush House, the number of } 
would have been prohibitive. 

Motor uniselectors provide a more economical system 
relays for large installations and were the choice in this ins! 
They provide a ready means for simultaneously switchin! 
programme circuit and such ancillaries as the control lin 
programme, etc. Sixteen-level switches are used, each’ 
50 inlets. 

Source switches connect a selected source to a channel t 
the switching system; route switches connect a selected ch 
to a destination. iA 

A switch is operated by ‘marking’ an inlet with ‘batt 
one level and operating a key to motor the switch. Cont 
cubicles (Section 3.2) have access to a source switch for 
programme channel and individual marking for these swi 
A miscellaneous switching position has access to a large nv 
of switches and uses common marking. This means th 
the switches are marked simultaneously, but only the rec 
switch is motored by operating the appropriate key. 


(3) METHOD OF WORKING 
(3.1) Nature of Programme Building 


Basic Programme Structure.—For reasons of operationa 
venience, it has long been the practice in External Servi 
standardize programmes in multiples of a quarter-hour. 
programme starts at a ‘zero’, corresponding with an~ 
quarter-hour G.M.T., and finishes 20 seconds before a ¢ 
quent quarter-hour zero. After switching operations have 

* For full details see Perrier, R. D., and Taytor, J. C.: ‘Programme Sw 


Control and Monitoring in Sound Broadcasting’, B.B.C. Engineering I 
Monograph No. 28, February, 1960. 


ORIGIN OF REBROADCAST 


AUSTRALIAN BROADCASTING COMMISSION 
ADEN FORCES BROADCASTING ASSOCIATION 
AFRICA EAST FORCES BROADCASTING SERVICE 
AUSTRALIAN COMMERCIAL STATIONS 
AUSTRALIA (RADIO AUSTRALIA) 

BAHAMAS 
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6.M.T. 
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BARBADOS 
8.B.C. FAR. EASTERN STATION 
BENGHAZ! FORCES BROADCASTING SERVICE 


BORNEO NORTH (RADIO SABEH) 
BRITISH GUIANA 
BRITISH HONDURAS 


BAUNEI 

CANADIAN BROADCASTING CORPORATION 
CEYLON COMMERCIAL RADIO 

CYPRUS FORCES BROADCASTING SERVICE 
FALKLANDS 


FIJI 
GHANA 
GIBRALTAR 


GIBRALTAR FORCES BROADCASTING SERVICE 
HONG KONG RADIO 

HONG KONG REDIFFUSION 

JAMAICA 

JAPAN NIPPON HOSO KYOKAI 


JAPAN RADIO TOKIO 
KENYA BROADCASTING SERVICE 
KENYA AFRICAN BROADCASTING SERVICE 


LIBERIA STATION E.L.W.A. 


MALAYA KUALA LUMPUR REDIFFUSION 
MALTA 

MEDITERRANEAN EAST RELAY 

NEW GUINEA 

NEW ZEALAND 

NIGERIA 


RHODESIA NORTH 


RHODESIA SOUTH 
SARAWAK 
SEYCHELLES 


SIERRA LEONE 
SINGAPORE ROYAL AIR FORCE 
SOMALILAND PROTECTORATE 


SWITZERLAND 
TANGANYIKA 


TRINIDAD 
TRINIDAD RADIO 
TRINIDAD RADIO GUARDIAN 


TRINIDAD REDIFFUSION 

TRIPOLI! FORCES BROADCASTING SERVICE 
UGANDA 4 
U.S.A. NETWORKS 


WINDWARDS 


Fig. 1.—Regular rebroadcasting of General Overseas and North American Services news periods throughout the world, May, 1958. 


leted, the remaining period prior to zero may be used for 
Signals or network interval signals. 

lation of Programmes and Networks.—The allocation of 
lage programmes to colour networks depends mainly on 
rs of engineering convenience, such as the manning of the 
nuity positions at the time and the availability of certain 
Os. The same language may appear in various colour 
orks at different times of the day, but it is common to find 
lages associated with a particular geographical area running 
ifter another in the same network. 

ning.—The importance of strict timing is obvious when 
lobal scale of the complete operations is realized. B.B.C. 
rammes are likely to be rebroadcast and the overseas 


cE. 


organizations concerned must be able to rely on exact timing. 
Some idea of the extent of such rebroadcasting can be obtained 
from Fig. 1 which shows regular rebroadcasting of the General 
Overseas (G.O.S.) and North American Services (N.A.S.) news 
bulletins during May, 1958. 

Non-Standard Programme Periods.—There are a limited number 
of variations of the quarter-hour principle. The most important 
of these are the Programme Parades which are designed to 
sign-post the G.O.S. transmissions. The need for this arises 
out of the almost continuous nature of the service, during which 
coverage changes from area to area are necessary in accordance 
with local listening times. 

Programme Parades are mounted as separate programmes 


488 


prior to the start of G.O.S. transmissions directed to new 
audiences. They give the listeners up-to-the-minute details of 
subsequent programmes, as well as any changes in the published 
wavelengths, before the transmissions concerned join the main 
programme. Their duration varies from 10-minute introduc- 
tions when the service re-opens after a close-down period, to a 
mere 14 minutes prior to the start of new area coverage. 


(3.2) Continuity Working 


Continuity working, which is used throughout the B.B.C.’s 
sound services, takes two different forms in the External Services. 
Where a network is continuously broadcast to the same group or 
groups of countries, the programme material will come from a 
variety of sources and a continuity suite, comprising a studio and 
cubicle, is employed. All sources are fed into the cubicle, 
together with linking announcements from the associated studio 
and fill-up records, if necessary, to form a continuous 
programme. 

Where, however, a network consists of a number of short 
programmes, each directed to a different part of the world, no 
continuity is involved and a continuity studio would be super- 
fluous. In this case the continuity cubicle ‘assembles’ the network 
from the individual items, with no linking announcements. 

In each case, the complete network is fed from the cubicle to 
the control room and thence to the chain switching equipment. 

A special feature of the G.O.S. is that all announcements, 
together with the last few seconds of the preceding and the first 
few seconds of the following programmes, are recorded auto- 
matically on tape. 


(3.3) Chain Switching; Automatic Switching Unit (A.S.U.) 


Although manual plugging at some transmitters was replaced 
by automatic switching (Section 1.3), the original chain switch- 
ing equipment was still in use at Bush House. An obvious 
development was to use automatic switching for this purpose 
also. (Section 5.5.) 


SOURCE 
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Fig. 2.—Programme switching block schematic. 
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(3.4) Miscellaneous Requirements 


The main technical functions of Bush House are to asset} 
the complete networks in the various continuity positions an} 
distribute these networks as chains to the various transmit! 
by means of the a.s.u. There are a number of miscellan| 
requirements that account for a large proportion of the wot 
the control room. In addition to providing feeds to the sf 
wave senders, there are several other destinations: 


(a) Continental Trunk Exchange, for programmes to foj 
countries, frequently as part of a two-way programme, 

(b) Recording suites. (Sections 4.2 and 7.) 4 

(c) Offices, to enable programme compilers to check their} 
grammes and to listen to others which have a bearing on | 
work, This is known as the ‘programme ring-main’. 

(d) A selector system, which enables the B.B.C. receiving st 
at Tatsfield to dial any network and then compare the ori} 
via a direct line from Bush House, with the radiated programr 


News despatches are received from abroad and these mq 
routed direct to recording channels, for eventual transmij 
or to office-type recording equipment, for subsequent ty) 
and later use in news bulletins or other programmes. “| 

Items are picked up by the Tatsfield receiving station ani 
mixed with other material in studios or continuity position) 
re-radiation. H 

Certain studios have facilities for adding echo to progran! 
There is one echo room and also an artificial-echo mac 
The studios concerned can select either source of echo 
appropriate circuits guard against two or more studios } 
connected to an echo source at the same time. i 

A loudspeaking intercommunication system is proj 
between the technical operations manager, who has a ci} 
in the control room, and the various continuity cubicles. } 


(3.5) Block Schematic (Programme) 


The present installation is for a maximum of 150 source 
provision has been made for expansion to 200 sources. ' 
are 72 channels through the switching system. Since cont’ 
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tions have more than one input channel but only one outlet, 
®> are less than 72 channels in the route multiple. Forty-four 
in use and these are accommodated on a single route switch 
each destination. In addition to feeding into the route 
liple for switching, the outputs of continuity positions are 
®Sired for a number of permanent connections. The a.s.u., 
ring main and the Tatsfield selector are wired across the 
‘opriate outputs. 

lg. 2 is a block schematic of the programme switching system. 
Ist much of this will be readily understood from the fore- 
g description, a few points require further explanation. 

the 30 miscellaneous switching channels, 24 are, in effect, 
ble-ended cords between a source and a destination. The 
ining six are wired to control and monitor positions. 

‘ne technical operations manager is responsible for all tech- 
| equipment in Bush House, and has access to the source 
liple for monitoring purposes. He also has access (not 
‘vn in Fig. 2) to the outputs of continuity positions. 

ach of two traffic managers, who deal with news items and 
latches, uses two destinations from the route multiple. The 
‘fing circuit’ will be switched to a correspondent at some 
Dte point and will also be connected to the traffic managers 
ews ‘rooms in other B.B.C. premises. The ‘clean feed’ will 
witched to the remote correspondent:only and can be used 
Jarry news items for recording. The traffic manager has 
ote-start facilities for a tape recorder in one of the recording 
inels. 


oe TECHNICAL ARRANGEMENTS AT BUSH HOUSE 
(4.1) Studios 


‘xcluding the continuity suites, there are 31 studios, including 
jew ones in the centre block. These are equipped with the 
ist designs of studio apparatus (Section 6.1). For reasons of 
iomy, several of the original studios retained their old equip- 
ts, suitably modified to take advantage of the new control 
m facilities (Sections 6.2 and 6.3). In the centre block 
loffices are arranged around the outside of the building, 
ving natural light and ventilation. Studio suites are accom- 
lated on either side of the central staircase and lifts. ach 
‘to, with its associated cubicle, leads off a vestibule, the two 
ts thus provided forming a sound trap when staff move 
‘veen studio and cubicle. The normal equipment comprises 
‘pe B control desk (Section 6.1), three 78 r.p.m. twin-turntable 
ics of B.B.C. design and two ceueocucets for 45/334r.p.m. 
| groove records. 
‘he control room and switching areas, constructed on the 
| floor of the centre block, provided a problem because of 
heavy loading imposed on the floors by the equipment and 
ile Tuns. It was necessary to construct a reinforced-concrete 
| over the existing floor slabs to transmit the loading on to 
‘steel beams and stanchions, which were strong enough to 
port the additional weight. The ceiling of the control room 
covered with perforated fibre-board tiles to reduce the 
le level. 
he new studios, accommodated on five floors, are built in 
middle of each floor between the internal stanchions with a 
ulating corridor to give access to the studio suites and the 
tes. They are mechanically ventilated by a plenum system, 
air being washed and tempered. 
laborate precautions were taken to ensure adequate sound 
\lation between the studio suites and the rest of the building. 
*r exhaustive tests on the existing structure by the B.B.C.’s 
earch Department, it was decided to provide ‘floating’ floors 
hese areas, constructed in light-weight concrete resting on a 
‘tress of glass fibre. 
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The wall construction was designed as two separate skins; 
either 44. in brick, breeze concrete or stud partitioning faced with 
building board was used, depending upon the sound insulation 
required. The inner skin was isolated from the floor by lin 
cork, and the outer skin, in addition, was isolated from the 
columns which it abutted by $in building-board strips. The 
studios were provided with plasterboard false ceilings. This 
construction, which is of a light-weight nature, was partly 
dictated by the limited permissible floor loading, but it achieved 
the necessary sound insulation. The observation windows were 
formed in two thicknesses of plate glass, separated by an air 
space of approximately 8in. Steps were taken to prevent nearby 
impact noises from being transmitted to the studios by providing 
a sponge-rubber underlay to the floor in the corridor which 
surrounds the studio areas. 

Most of the studios and control cubicles are similar in size 
(approximately 3 000 ft?) and acoustic treatment was designed to 
achieve a flat reverberation time of 0:35sec. Two types of 
absorbers were employed, the first being of a porous nature 
(rock wool), and the second being membrane resonators (a type 
of absorber for bass frequency evolved by the B.B.C. Research 
Department). The porous absorbers function as a result of the 
friction produced by movement of air particles through tightly 
packed fibrous material 1 in thick; they absorb well at frequencies 
where the depth of material is significant in comparison with 
the wavelength, i.e. 500c/s and upwards. The membrane unit 
acts as a mass attached to a damped spring and achieves maxi- 
mum efficiency at a frequency determined by the mass and the 
stiffness of the spring. It is constructed by using roofing felt 
as the membrane (this supplies the mass and most of the damping) 
over an enclosed air space which acts as the spring. The 
resonant frequency can be varied by altering the volume of the 
air space. Reverberation measurements were taken on the com- 
pletion of the acoustic work and some adjustment was made 
by adding shallow roofing-felt units to increase the absorption 
between 250 and 700c/s. The acoustic condition of all the 
studios was then found to be satisfactory, although most of 
them had more absorption at 1000c/s than had been expected. 
It was thought that this was due partly to the exceptionally 
efficient absorption by carpets at this frequency and partly to 
the fact that most of the perforated decorative covers to the 
acoustic material produced a rather weak Helmholtz effect, 
resonating at about 1000c/s. One result of the Corporation’s 
experience in these studios is that the Research Department has 
since designed an ‘anti-carpet’ absorber which absorbs very well 
at frequencies below and above 1 000c/s, but it is not so efficient 
at that frequency. 

For covering the acoustic absorbers in the studios, the mini- 
mum amount of perforated and slotted hardboard was to be 
used, as these materials are aesthetically unacceptable. Conse- 
quently, curtain fabric, either draped or stretched in panels, was 
used in the studios instead of slotted hardboard. It was found 
convenient to use the fabric colour as the dominant colour 
around which the decorative schemes were devised for each 
studio suite. 


(4.2) Recording/Reproducing Suites 


Extensive tape recording and reproducing facilities are available, 
including two central tape rooms with facilities for remotely 
controlled recording or reproduction of 20 programmes simul- 
taneously. For administrative and operational convenience, one 
room is generally used for recording and the other for reproduc- 
tion, but each room may be used for either or both simultaneously. 

Seven separate tape channels, three of them also equipped 
with disc recorders, are available for use as recording, editing 
or dubbing channels; three of these channels are provided with 
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facilities for reproducing or recording at speeds other than stan- 
dard in order to deal with tapes which may have been recorded in 
the field at incorrect speeds. In addition, five of the separate 
channels are provided with remote-control facilities for repro- 
ducing and are occasionally used for reproduction of a pro- 
gramme requiring individual attention which cannot, of course, 
be provided in a central tape room. 

There are three disc-recording and one disc-reproducing 
channels; these, in conjunction with disc-reproducing desks in 
studio cubicles and disc recorders in three of the editing rooms, 
provide adequate facilities for this method of recording, the need 
for which has undergone a drastic contraction with the advent 
of tape. 

Two rooms have been equipped, one as a quality checking 
room, with tape and disc recorders and reproducers and facilities 
for the correction of frequency response, and the other as a 
special-projects recording room, also with tape and disc recorders 
and reproducers. This latter room, in addition to the normal 
facilities, is provided with tie lines to, and remote control from, 
two adjacent studio cubicles and is used for complicated pro- 
grammmes involving material recorded during the programme 
itself. 

(4.3) Continuity Suites and Cubicles 


Three continuity suites have been provided for the ‘con- 
tinuous programme’ networks—Green (General Overseas), 
Purple (N. America) and Brown (Arabic). A studio between 
the Green and Purple suites, designated “Green Stripes Studio’, 
is used for opening, closing and special announcements to 
countries joining or leaving the Green network. 

For the networks comprising a number of independent pro- 
grammes, ten continuity cubicles have been built adjacent to the 
control room. 
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(5) CONTROL-ROOM SUITE 


(5.1) General 


The sixth-floor control-room suite comprises a numb 
separate areas (Fig. 3). 

The control room, of approximately 1700ft*, contain 
operating desks and bays of equipment. 

The auto-switching equipment and the main distrit 
frame are housed in a separate room, not normally st 
Precautions are taken to keep this as clean as possible. 

The a.s.u. equipment is divided between this room and a 
cubicle, partitioned off from it. 

The clock equipment, a 50-volt battery and the asso 
charging equipment are housed in small areas adjacent 1 
switching room. 


(5.2) Desks and Auxiliaries 


The main operating position consists of a large desk wi 
main indicator over the centre and a supplementary ind 
over the left-hand end. 

Three double ‘control and monitor’ positions each con: 
a separate desk. There is also a cubicle for the tec! 
operations manager, with a good view of all operation posi 

Miscellaneous Switching Position —This is at the left-han 
of the main operating position and is used for setting v 
large number of miscellaneous circuits. It consists of ‘ma 
keys for sources and destinations and ‘operate’ keys f 
channels. Keys associated with the supplementary ind 
complete the equipment. 

Main Indicator.—This is a large display over the entire | 
part of the main operating position and shows all the sou 
channel—destination connections which are set up. It cc 
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Fig. 3.—Layout of control room and associated technical areas. 


» sets of windows, the first comprising one window for 
el and the second, one window for each destination. 
a source is selected to a channel, the source code lights in 
ropriate channel window. When the channel is selected 
ination, the channel number lights in the corresponding 
tion window. 
lementary Indicator.—A\though the main indicator gives 
lete picture of all the connections set up, a considerable 
t of searching is required over a fairly large area to 
uine the source and destination connected to a particular 
_ The supplementary indicator, which is a small display 
‘the miscellaneous switching position, overcomes this 
lty. A key on the desk is associated with each channel 
jiere are three sets of windows in the indicator, i.e. sources, 
jels and destinations. Operation of a channel key lights 
wrresponding channel window, the source connected to it 
y) and the destinations (if any). It also provides aural 
oring on the source. 
display is cancelled when another channel key is operated. 
‘only one display can appear at a time, in contrast to the 
\splay of the main indicator. 
imeering Manual Exchange (E.M.X.).—A 200-line cordless 
occupies part of the centre portion of the main operating 
on, 12 tie circuits being provided. All subscribers have 
\ to one another, and, when a connection is made, the codes 
two participants are displayed in a window associated with 
irticular tie circuit in use. 
nitoring Positions.—Visual and aural monitoring can be 
out at key points on all circuits. Two identical moni- 
positions are available, one on each side of the e.m.x. 
ables one operator to look after the e.m.x. and monitoring 
programme activity is low, but, in- peak periods, two can 
the e.m.x. and each has full monitoring facilities. 
‘omatic Switching Unit Over-ride.—Provision is made to 
‘ide the a.s.u. to cover such eventualities as last-minute 
es in the programme schedule, fault conditions, etc. 
{and aural monitoring of chains is also provided. 
scellaneous Position.—Miscellaneous equipment comprises: 
Asset of red lights to indicate which studios and reproducing 
els are on transmission. 
Keys, microphone and loudspeakers for two separate 
peaking intercommunication systems to continuity cubicles 
few miscellaneous positions. 
An alarm panel with lamp indication of various fault 
itrol and Monitor Positions—Each control and monitor 
on provides two entirely separate and identical operating 
ons. The appropriate channels from the miscellaneous 
ing position pass straight through these positions until they 
rought into circuit, by the operation of keys. Normal 
| facilities are then available, including a channel fader, 
and aural monitoring, pre-fade monitoring, control-line 
ies, remote start of a recording and transmission of line-up 
ind interval signal. 
hnical Operations Manager’s Desk.—The technical opera- 
Manager requires comprehensive monitoring and com- 
ation facilities. For monitoring, he is provided with four 
programme meters, three of which can be connected to the 
ts of any three continuity cubicles. The fourth meter can 
ected to any source. His loudpseaker can be connected 
y one of the four programmes. For communications, he 
onnect his telephone across the telephone line from a 
«d source. He also has two direct lines to e.m.x. In 
on, he can listen across or speak to any subscriber on the 
loudspeaking inter-communication systems. He has a 
ate set of studio red lights. 
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(5.3) Control-Room Bays 


Switching bays should be installed in a dust-free area to avoid 
contact troubles. Also, on account of their noisy operation, it 
is desirable to segregate them from the control room. It was 
therefore decided to have a separate area for switching and other 
non-operational bays and to include, in the control room itself, 
only operational bays. Plinths were laid down for 35 bays. 

Line-Termination Bays.—Post Office cables are extended via 
a small distribution frame to three line-termination bays, con- 
sisting of U-links and associated repeating coils for incoming 
music, outgoing music and control circuits. By suitable jumper- 
ing, the individual pairs are brought up in the required positions 
on the line-termination bays. 

Equalizer Bays.—Permanent incoming music circuits (for 
simultaneous broadcast working) are equipped with fixed 
equalizer/attenuators to give a standard level of —45dBm at 
the equalizer output. The fixed equalizer bay consists of ‘boxes’ 
into which the equalizers slide, being connected into circuit by 
means of U-links, to facilitate changing an equalizer. 

Occasional circuits for outside broadcast working are con- 
tinually being changed and are used only a few at a time; 
variable equalizers are plugged up as required. The outside 
broadcast equalizer bay is equipped with four different types of 
variable equalizers which, used in various combinations, are 
matched to the occasional circuits. 

Amplifier Bays.—All the amplifiers are small units, of similar 
external appearance, plugged into general-purpose mountings, 
each accommodating ten working amplifiers plus one spare and 
a rotary-switch unit (manually operated) to insert the spare 
where it may be required. Two of these mountings are accom- 
modated on each side of the bay and a separate mains unit is 
used for each. 

There are 88 general-purpose amplifiers for level raising and 
220 ‘C’ amplifiers for programme distribution. Three bays are 
equipped with amplifiers and associated relays for the control 
and monitor positions. 

Relay Bays.—The control desks for all studios provide 
facilities for mixing outside sources with the studio microphones. 
When an outside source is selected, the control line is extended 
to the desk and is also used to feed back cue programme, the 
necessary switching being carried out by relays in the control 
room. 

A standard relay mounting is used which will accommodate 
up to 25 relays. For the large number of outside source lines, 
six bays of relays are required, each with ten relay mountings. 

Test Equipment.—Comprehensive a.c. test equipment is pro- 
vided on a single test bay. It comprises a variable-frequency 
tone source, a fixed-frequency tone source (for line-up purposes), 
a high-input-impedance amplifier-detector (for level measure- 
ments), a test-programme meter and weighting network (for 
programme or noise measurements), a variable attenuator and 
a high-pass filter (for measurements of total harmonic content). 
D.C. testing of lines is carried out with a bridge Megger 
tester. 

Jackfield Bays.—Although the equipment has been designed 
so that normal switching is carried out by remotely operated 
motor uniselectors, facilities must exist for over-plugging for 
special purposes or under fault conditions. Listen jacks are 
provided at numerous points in the circuits. The number of 
connections taken through the inner springs of jacks in pro- 
gramme circuits is kept to a minimum. 

Programme Ring-Main Distribution Bay.—The purpose of this 
jackfield bay is to segregate the circuits to different areas, so 
that a fault at one location does not affect the whole system, 
and to enable special programmes to be plugged to individual 
lines. [Section 3.4(c).] 
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Miscellaneous Bays.—Miscellaneous equipment is mounted on 
five bays in the back row, including echo-switching relays 
(Section 3.4), continuity tape recorders (Section 3.2), an endless- 
loop tape reproducer for the ‘V’ signal used during intervals and 
aerial amplifiers for a number of television and v.h.f. sound 
receivers in various offices and other areas. 


(5.4) Switching Equipment 

Plinths were laid down for 48 bays. 

Source-Selection Bays.—A bay of 12 switches makes 50 sources 
available to 12 channels. A group of three such bays is required 
for 150 sources and six groups provide for 72 channels. Adjoin- 
ing each group of three bays, a space has been left for a fourth 
bay for possible expansion to 200 sources. Associated relays 
are mounted on the same bays. 

Route-Selection Bays.—As described in Section 3.5, each 
destination requires a single switch, making 11 bays necessary 
for 132 destinations. Space has been left for expansion. 

E.M.X. Switching and Relay Bays.—E.M.X. circuits do not 
require 16-level switches, but by employing single-ended wipers, 
eight of which are 180° out of phase with the remaining eight, 
100 subscribers can be accommodated on one switch. The 
contact banks are covered twice, once by each set of eight wipers. 
The Bush House e.m.x. is designed for 200 subscribers with 
12 tie circuits, the switches being accommodated on four bays. 
There are three bays of associated relays. 

Relay Bays.—The relays associated with the comprehensive 
monitoring system are accommodated on two bays, similar to 
the relay bays in the control room. 

Miscellaneous Equipment.—This comprises the equipment to 
enable Tatsfield to select a ring-main programme [Section 3.4(d)], 
the a.s.u. (Section 5.5), a Post Office line-termination distribution 
frame, the main distribution frame on which all the main 
jumpering is carried out, and the technical operations manager’s 
bay, mounting all amplifiers and relays used with his desk. 


(5.5) Automatic Switching Unit 


The a.s.u. enables a 24-hour pattern of colours-to-chains to 
be set up in advance and the appropriate switching takes place 
at every quarter-hour, initiated by the master clock. It com- 
prises two entirely separate sets of motor uniselector switches— 
marking code selectors and destination switches. 

The marking code selectors advance one position every quarter- 
hour. A single switch covers 24 hours in the same way that 
an e.m.x. switch covers 100 subscribers. Each ‘marks’ a corre- 
sponding destination switch in the same way as a switch is 
marked manually from a continuity cubicle. 

‘Combs’, consisting of insulated mouldings carrying springy- 
metal contacts, are inserted between the inlet tags of a marking 
code selector. Each colour programme has a comb with a 
different arrangement of contacts, these being connected together 
within the comb. Thus, for each colour, a different combination 
of levels in the selector is strapped, and this is translated by 
relays so that the appropriate inlet to the destination switch is 
marked. 

Depending upon the arrangement of combs in the selectors, 
the destination switches will motor to the correct positions when 
the necessary operating pulses are applied under the control of 
the master clock. There are 24 selectors controlling the destina- 
tion switches for 24 chains. 

The bays of selector switches are installed in a cubicle par- 
titioned off from the main switch room where the destination 
switches are located. This enables the engineer setting up the 
switching pattern to work undisturbed, and there is a minimum 
of traffic to cause dust. It is obviously of the utmost importance 
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that no setting-up errors or operational faults occur ai 
point. 
(5.6) Clock System 

Accurate time is of prime importance in all broadcastin; 
particularly so in the External Services, where only secon 
allowed for sender, aerial and wavelength changes. A ba 
operated master-clock system is used. 

Slave dials throughout the building are operated from o 
other of the same two master clocks as the a.s.u. The s 
is divided into loops comprising a number of clocks in 
Each loop is operated by a relay. The relays are connec’ 
series with the contacts on the master clock. This limi: 
number of clocks which will fail if a fault develops in a cle 
the wiring and also limits the voltage across the master 
contacts. There is automatic correction of the master clos 
Greenwich time signal. 

In _general,-technical areas are provided with second, 
other areas with half-minute clocks. 


(6) STUDIO EQUIPMENT 


The studio equipments at Bush House consist of a new I 
design, a B.B.C. wartime design (suitably modified) and a 
mercial unit (also suitably modified). ; 


(6.1) Type B Marks I and II Studio Equipments 


The new B.B.C. studio equipments used at Bush House 
two types—Mark I in talks studios and Mark II in ge 
purpose studios. Each comprises a control desk, an app: 
bay and a power-supply cabinet. The Mark II also inch 
source and cue light selection cabinet. 

The control desk is. an assembly of sub-panels of the 
size, with one exception, and desks can therefore be mé 
meet various requirements by selecting suitable sub-panels 

The apparatus bay is equipped with standard amplifier 
associated mains units, according to the requirements of the 

The source and cue-selection cabinet enables studio 1 
phones and outside sources to be plugged to specific chann 
the desk and cue lights in the studio to be controlled by s; 
cue keys on the desk. 

The power-supply cabinet controls technical power, li; 
and 50-volt supplies for the suite. 

The facilities provided by control desks vary from one | 
to another, but a typical arrangement using the Mark I « 
ment is: 

(a) Three microphone channels. 

(6) One gramophone channel. 

(c) Three outside sources with cue programme and talkbac 
(d) One incoming contribution with clean feed. 

(e) Main fader. 

(f) Visual and aural monitoring. 

(g) Remote start for recording/reproducing tape machines. 
(h) Talkback to studio. 

(i) Cue keys. 


With the Mark II equipment a typical arrangement is: 


(a) Eight microphone channels, individually switchable to 
of two groups. 

(b) One independent microphone channel. 

(c) Two gramophone channels, one of which can be swite 
enable effects records to be played into the studio loudspeak 

(d) Two outside sources with cue programme, talkback anc 
feed to one of them. 

(e) Adjustable echo on any channel. 

(f) Two group faders. 

(g) Echo fader. 

(h) Main fader. 

(i) Public address system, switchable to selected channels. 

(j) Special effects units which can be switched in or « 
circuit on two channels. 

(k) As (f) to (i) for Mark I. 
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Fig. 4.—Type B Mark II simplified programme block schematic. 


fhe main variations between individual desks are the numbers 
microphone channels and outside sources. Fig. 4 is a simpli- 
| programme block schematic of the Mark II studio equipment. 
Many of the above facilities are self-explanatory, but a few 
es will clarify others. 

Clean feed’ is the total output of a desk, less specified channels. 
the case of such programmes as “Two-way Quizzes’, the 
iback to the remote point, where it may be reproduced on 
dspeakers, must not include that point’s own contribution. 
ernatively, a programme without local announcements may 
required for the addition of special announcements in foreign 
guages, or for recording for future use. 

‘alkback is available in studios on a loudspeaker during 
earsals, but is restricted to headphones during transmission, 
ess all microphones are faded out. 

the special effects units enable deliberate distortion to be 
‘oduced on the channels into which they are switched. 

n a studio suite with a Mark I desk, each microphone is tied 
a specific channel. In the Mark II desk, all microphones 
selected to the required channels and there may be more 
rophone points in the studio than are used for a particular 
gramme. 

nh both Marks, mixing is carried out after the microphone 
plifier and at constant impedance. The level is thus inde- 
dent of the number of sources faded up. 


(6.2) Modification of Existing War-Time Equipment 


Vhen the first studios were planned for Bush House the 
ne considerations were availability of equipment and speed 
installation. A simple design was produced, based on the 
of outside broadcast equipment, using low-level mixing. 


From time to time, various facilities were added. When it was 
decided to retain some of this equipment, further modifications 
were necessary to make the best use of the facilities provided by 
the new control room. An outside source was added, with cue 
programme and talkback facilities. No provision was made for 
clean feed. 

(6.3) Commercial Equipment 


Before the type B equipment was designed, some talks studios 
were equipped with a commercially available control desk. This 
does not provide all the facilities of a type B Mark I, but it is 
adequate for some studios. It employs constant-impedance 
high-level mixing and has switchable outside sources. Modifica- 
tions were made to provide cue programme and talkback. 


(7) RECORDING AND REPRODUCING EQUIPMENT 
(7.1) Dise 


The equipment used in two of the three recording channels is 
some of the American equipment supplied during the war and 
extensively modified to use B.B.C.-type cutter heads with 
negative feedback and suction swarf-removal equipment added. 
A pick-up is fitted to each machine for direct monitoring. An 
associated bay of equipment contains the recording amplifiers, 
limiter, monitor amplifier and radius compensation units. 

The equipment in the third channel is a B.B.C. type D recorder, 
consisting of two machines with a recording amplifier in the 
pedestal of each and a central linking console in which are 
pick-up pre-amplifiers, line, loudspeaker and peak programme 
meter amplifiers. On the top of the console are control panels, 
a peak programme meter and monitoring and change-over keys. 
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The recording amplifiers, with a maximum output of 75 VA, feed 
B.B.C.-type cutter heads. 

In the reproducing channels, two B.B.C.-designed twin-speed 
reproducing desks (78 or 334r.p.m.) with a bay containing a 
linking/fader panel and monitoring facilities are used. The 
turntables use direct rim-drives and facilities are available for 
remote control of the motors. The pre-amplifier and a prefade 
Jisten amplifier for each machine are housed in the desk itself, 
but the common line amplifier and the main prefade listen 
amplifier are mounted on the bay. 


(7.2) Tape 


Four recording/reproducing channels have been provided, 
each with two tape recorders. Remotely-controlled start and 
stop for reproduction is available and a delay relay is inserted 
in the reproducing line to obviate the possibility of the run-up 
of the machine being radiated. 

A linking console contains a control panel, relay panel, peak 
programme meter amplifier and telephones. The control panel 
is provided with visual and aural monitoring, recording and 
reproducing change-over keys and recording fader. 

In addition to recording and reproducing, considerable use is 
made of these channels for editing purposes, means being 
provided on the consoles for dubbing from one machine to 
another. 

A comparatively new departure in B.B.C. practice is the 
installation of two central tape rooms. Each has ten channels 
to the control room, a channel in this context comprising send 
and receive music lines, a telephone line and various signalling 
circuits. Channels and machines appear as a 15-pin socket on 
a distribution panel in the machine room and may be double- 
ended to any desired machine or machines in parallel. Relays, 
attenuators, monitoring keys and amplifiers are accommodated 
in pairs in small consoles between pairs of machines, and on each 
console there is a recording/reproducing linking panel with 
change-over keys, recording fader, peak programme meter and 
remote-start facilities. The inputs and outputs of the linking 
panels also appear as 15-pin sockets on the distribution panel 
and may therefore be plugged in circuit as desired. Remote 
control from the destination for reproduction and from the 
source for recording is available in both rooms. 

Comprehensive monitoring facilities are provided in an 
adjacent cubicle, separated by a soundproof observation window. 
All machines and the outgoing music line of any channel may be 
monitored and the telephone lines of all channels are available. 
In addition, there is a lamp indicator showing the state of each 
channel and machine, whether set for recording or reproducing, 
for remote or manual start, and whether running or not. 

Fifteen-wire tie lines are provided between the two central 
rooms for emergencies and also between central tape room No. 1 
and the special-projects room. : 

Three editing/dubbing suites are each equipped with three 
tape machines, a linking console and a disc recording channel. 
Various types of disc reproducing desks are also installed to 
enable extracts from existing recordings to be combined with 
current productions. Recording, playback and telephone lines 
to the control room are available, so that the suites may be used 
as normal disc or tape recording channels. 

Although not strictly an editing suite, the quality check room 
may be included in this group. It is equipped with a disc 
recording channel, a tape recorder and various types of disc 
reproducers. Its function is to check recordings of which the 
quality may be in doubt and, mainly by means of frequency- 
response correcting devices, to make them suitable for use. 

The special-projects recording room, while again not strictly 
an editing room, is also included here for convenience. In this 
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suite, there are three tape recorders and a disc recording cha 
together with a linking and distribution bay. There are 
sending channels to each of two adjacent studio cubicles. 
in a central tape room, any tape machine or the disc chi 
may be ‘double-ended’ to any of the sending channels, wi 
without a linking panel. 


(8) POWER SUPPLY EQUIPMENT 

Power for all areas is normally drawn from the public su 
mains. The arrangements in the south-east wing and c 
block are similar. In each case, two independent supplie 
provided from the mains substation and the load is dit 
between them with interconnection facilities. 

In the event of a power failure, essential services, includi 
technical equipment, reduced lighting in technical areas 
emergency lighting on stairs, etc., are maintained by three 
start Diesel-driven generating sets with ratings of 10kVA (si 
phase), 22kVA (3-phase) and 67kVA (3-phase) respectivels 

In order that the timing of programmes shall not be © 
by excessive variations in mains frequency, a frequency-stab 
supply is available in all recording and reproducing roon 
which the drive motors of the recorders or reproducers mi 
switched. This supply is derived from a 12:-5kVA m 
alternator which is started manually whenever the main: 
quency differs from 50c/s by more than +1c/s or wheneve 
standby Diesel generator is in use. The frequency stabil. 
this supply is better than +0-05Sc/s from no-load to full le 

Auxiliary power for the operation of the selector switche 
lamps in the various indicators and the relay panels in all 
nical areas is derived from a 50-volt 250 Ah battery, wh: 
float-charged by one of two chargers, either of which is ca 
of delivering the full load required by all the connected appa: 
This load could amount to a short-period peak of about 60 
The normal current is from 7 to 15 amp. 


(9) INSTALLATION 
(9.1) Timetable 


An outline specification of requirements was issued b 
External Services to the Building, Designs, and Plannins 
Installation Departments in June, 1954. The first step y 
produce an estimate of the total cost. In March, 1955, ; 
decided to proceed with the project and detailed plannin; 
started. 

It was desirable to relinquish 200, Oxford Street as so 
possible, to avoid revenue expenditure on two premises. 
was, however, a great deal of design work to be done 
manufacturing information could be issued to the Equij 
Department. There was also a considerable amount of bu 
work to be carried out. A timetable was drawn up, cai 
dovetailing building, design and manufacturing periods. 


~ agreed that the Oxford Street premises should be vacated | 


end of 1957, and a target date of September, 1957, was fix 
completion of installation and testing in the control-roon 
and new studios. Installation commenced in May, 195¢ 
testing in June, 1957. The first network was transfer1 
September, 1957. By November, all networks had been 
ferred and the new control room suite and studios were 
operational. The original studios were still working th 
the old control room. 

The transfer of the original studios from the old to th 
control room proceeded slowly throughout 1958, sinc 
studios could only be released from service in pairs. TI 
control room finally ceased to operate in October, 1958. 


(9.2) Types of Cables and Methods of Running 
Until the Bush House installation, the general practice 
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©. had been to use lead-covered cables between areas and 
nter-bay wiring, the latter being accommodated in floor 
3. 
ie pros and cons of overhead trays and floor ducts were 
idered for Bush House. Overhead trays enable cables to 
in at different heights and facilitate changes, if necessary, 
later date. They are also more flexible, since it is easier to 
ll additional trays than to form new floor ducts in a com- 
darea. On the other hand, entry to a desk is at floor level 
a bunch of cables dropping down from above would be 
shtly. Furthermore, the laying of cables had to commence 
re all bays of equipment were available, and this precluded 
g the trays to the tops of the bays. To hang the trays from 
ceiling would have necessitated strengthening the floor 
e—an undesirable and expensive feature. It was decided 
the advantages of more space and greater flexibility out- 
hed the disadvantages and an overhead tray system was 
med, the trays, in one or more tiers, being supported on 
hts erected between adjacent bays (Fig. 5). The parts 


Fig. 5.—Overhead tray system. 


1 together by sliding over one another. The area behind 
jesks in the control room formed a ‘surface’ floor duct, and 
sables feeding the desks were taken from the overhead trays 
dor level in one large trunking fixed against a wall. 

aving decided on an overhead system, weight precluded the 
of lead-covered cables. In any case, the cost: of plastic- 
red cables, including laying, is less than that of lead-covered 
this type was used throughout. Microphone circuits were 
in 641b screened pairs. The long tie lines from the control 
n to the distant studios and recording areas were run in 
} multi-cored cables with the pairs individually screened. 
t other circuits were run in 641b multi-cored cables, with an 
all screen. 

1¢ magnitude of the installation can be realized from the 
‘oximate quantities of cable used (excluding the manufacture 
ays, desks and other apparatus), which are: 


1 pair.. 8 miles _ 

5 pairs 5 miles 
10 pairs 23 miles 
25 pairs 7 miles 


he cabling to the main distribution frame, which has nearly 
terminal blocks averaging 200 tags each, received very careful 
ince planning. 
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(9.3) Testing 


Units which were complete in themselves were tested in the 
Equipment Department test room. Many units, such as relay 
panels, switching panels, etc., were only parts of a complex 
arrangement of equipment which could not be set up for complete 
testing before installation at site. The same applied to assembled 
bays and desks. 

Much of the design was new and could only be tested, at the 
design stage, on a small scale. It will thus be appreciated that 
site testing was a major item. That three months sufficed is a 
tribute to the careful attention to detail and planning in the 
design, manufacturing and installation stages. 


(9.4) Transfer of Services from Oxford Street and Bush 
House Old Control Room 


Until August, 1957, all networks were fed into the a.s.u. in 
the old control room, either by Post Office lines from Oxford 
Street or from the old continuity suites at Bush House. 

As a network was transferred from Oxford Street to the 
centre block, its continuity output (from the new control room) 
was fed into the old control room over a tie line and thence into 
the a.s.u. The Post Office lines to the transmitters were still 
connected to the a.s.u. in the old control room. By November, 
1957, the a.s.u., still in the old control room, was fed by all 
networks from either the original continuity suites in Bush House 
or from those in the centre block via the tie lines. 

In the meantime, the Post Office had provided T-joints to the 
outgoing cables which were connected to the new control room 
through U-link panels with the links removed. 

Two operations now proceeded in parallel: 

(a) The original studios were taken out of service, modified, 
connected to the new continuity suites and then handled in the same 
way as those transferred from Oxford Street. 

(b) The chain switching in the old control room was transferred 


from the a.s.u. to the original X and Y bays and operated manually, 
whilst the a.s.u. was transferred to the new control room. 


The a.s.u. inputs were wired to the outputs of all continuity 
suites without disconnecting them from the X and Y bays. All 


“chains were thus available simultaneously on the X and Y bays 


and the a.s.u., the latter being isolated from the T’d lines by the 
omission of the U-links in the new control room. When all 
was ready and fully tested, the change-over between the manual 
and auto chain switching only required the removal of U-links 
in the old control room and the insertion of the links in the new 
control room. Finally, the continuity outputs to the X and Y 
bays were disconnected and the Post Office cut away the cables 
to the U-link panels in the old control room. 

Apart from dealing with the remaining original studios and 
carrying out a few minor modifications, found desirable in 
service, this completed the work of centralizing the External 
Services in Bush House. 


(10) PRACTICAL EXPERIENCE WITH THE INSTALLATION 
IN SERVICE 

The introduction of centralized working in the new control 
room allowed a direct saving of 12% to be made in engineering 
staff. Indirectly, the way was also prepared so that this saving 
was increased to 14° when studio and recording activities were 
integrated. Experience in the operation of the new control room 
has allowed proposals for a further reduction, bringing the total 
saving up to about 17%, despite increasing commitments in the 
meantime. 

The reliability of the equipment as a whole has been excellent 
and similar installations have been confidently planned for the 
Broadcasting House Extension and the Television Centre. In 
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its early days, the a.s.u. suffered from a certain amount of 
contact trouble, traced to the ingress of dirt from the atmosphere. 
The present location of the equipment appears to be satisfactory 
in this respect. Some selection of valves for the first stages of 
microphone amplifiers has proved to be necessary to reduce 
noise, 

The new equipment has greatly improved the general standards 
of ease and convenience of operation, as well as providing addi- 
tional facilities which can be summarized as follows: 

Studios.—Additional facilities are provided on the type-B 
desks. 

Control Room.—Compared with previous standards, the new 
control room is operationally much more convenient because of 
the juxtaposition of the miscellaneous switching position and the 
engineering manual exchange, together with completely cordless 
operation of these units. 

The operational staff have the assistance of a continuous 
visual indication of the actual loading and can carry out, from 
one position, stage-by-stage visual and aural monitoring of the 
programme chains for continuity and quality checking purposes. 

Control and monitoring positions have been provided. 

Recall facilities are provided on extended telephone circuits 
and conference facilities are also available on the e.m.x., avoiding 
unnecessary repetition of service messages, etc. 

The majority of the amplifiers can be replaced rapidly by the 


DISCUSSION BEFORE THE ELECTRONICS AND 


Mr. F. C. McLean: One could easily get the impression these 
days that nothing much happened other than in television. The 
paper shows that a great deal of thought is required to make 
other jobs go also. 

External broadcasting has to be particularly good to meet the 
competition from other users of the short-wave spectrum. The 
only way to retain our audience is to ensure that the broadcast 
is good, well-timed and of fine quality. That is the only 
attraction that we can offer. Others have the advantage of 
better geographical situation, greater power, etc. It is efforts 
such as are described which make all this possible. 

It is interesting to note that the power of the transmitters 
which this programme of installation feeds is more than twice 
that of Home, Light and Third put together, as is the output 
figure of 80 hours. To feed so many transmitters from so many 
studios calls for very careful timing, and the automatic switch is 
a very elegant solution to that problem. What can be done to 
override the automatic switching if some international event 
takes place and it is necessary at short notice to change the 
whole schedule? 

The substitution of plastic- for lead-covered cables is most 
interesting. The saving in cost and the greater cleanliness are 
extremely valuable, and perhaps also more attractive. Have we 
paid a price for this, for example in incréased trouble from cross- 
talk? What is the audio level at which programmes are 
distributed and switched? This can also have an effect on the 
crosstalk situation. 

There is no reference to the B.B.C. programme and news- 
collecting activities. The great attraction of our programmes 
‘throughout the world is that our news bulletins are up-to-date 
and accurate, and it would have been interesting to have some 
information on the teleprinter network and other facilities for 
bringing news into Bush House and getting it quickly into the 
hands of the appropriate people. 

Reference has been made to both disc and tape recording. 
What is the proportion of each, and is there a movement towards 
the greater use of tape? What is the tape speed used in the 
studio and in mobile operations? 
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switchable spares provided on the racks. Replacement ¢ 
amplifiers themselves is a simple and speedy matter, since 
are held in the panels by single quick-operated fasteners 
connected by plugs and sockets. 

Continuity Positions —With the exception of the three 
tinuity suites, these are now concentrated in the control 
area instead of being scattered about the various buildings. 
new equipment provides much greater speed in the selecti 
alternative sources. 

There is continuous visual indication of the source select 
each channel and the state of readiness of remote recordin 
reproducing channels. 

Additional features include the provision of Big Ben wi 
preselection and remote starting facilities for recording a: 
as reproducing channels. On control desks, certain compo! 
such as the main fader, can be by-passed and spare amplifie: 
be switched to replace faulty units. 
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COMMUNICATIONS SECTION, 2ND MAY, 19 


Mr. F. Williams: I speak as a user from Home Sound b 
casting. We also are in the throes of planning a new c 
room on similar lines and are changing to an above-g! 
daylight area. This is an improvement in working cond 
which will undoubtedly have a psychologically beneficial 
so far as the operators are concerned. 

The staff saving referred to is primarily achieved, I thir 
the concentration of the controls at a central operating des! 
the authors have not stressed sufficiently the other fac 
available at the desk, which make this saving possible, pé 
larly the ability to monitor at various points in any chain 
source to destination. The operation of the desk is not r 
switching sources to destinations. It is a matter of bein; 
quickly to locate a fault and to take corrective action. 
operator is able to do all this without moving from his 
fewer staff will be required than would otherwise be nece 

On the question of switching, the system adopted is t 
switching sources to channels, and then channels to destin 
In other words, to get. a source-to-destination involve 
operations. The purpose, I gather, is to avoid the large m 
of uniselectors that would otherwise be needed. What 
full effect of this saving? It is surely cumbersome to hi 
undertake two switching operations when one will suffice. 
many more uniselectors would be involved in a direct-swi 
system, and would this obviate the need for the au: 
indicating board? 

In the Home Sound services there are only three net) 
which operate almost continuously, as opposed to a very 
larger number in the External services, operating, wil 
exception of one or two, somewhat spasmodically. The 
number of networks undoubtedly justifies a central repro 
room, but in Home Sound we have come to the conclusic 
it is better to associate these reproducing machines wi 
services into which the programmes are to be reproduce 
to locate the reproducing channels in the respective con 
rooms. Even in the best-run services, errors, either hun 
caused by faulty equipment, will occur, and speed of comm 
tion between the operators at the continuity and repro‘ 


HEADQUARTERS FOR THE B.B.C.’S OVERSEAS AND EUROPEAN SERVICES: DISCUSSION 


lions is of paramount importance if prompt and effective 
n is to be taken. 
Home Sound we have found a rather unique solution to 
roblem of overhead trays, which have been put under the 
_ This was achieved by placing the selectors and the main 
bution frame on the two floors immediately below the 
‘ol room, under the equipment with which they work. This 
very short runs between these units and unsightly overhead 
in the control room itself are avoided. 
. R. D. Petrie: Two further reasons for the rejection of 
and-jack (patch cord) switching were the absence of clearly 
ible displays of programme traffic conditions and the 
lity to connect a large number of ancillary circuits simul- 
yusly with the connection of programme circuits. This 
disability could, of course, be avoided by the use of multiple 
; and sockets arranged in the form of a cross-hatch or 
e of connectors. This is done in some control rooms on 
jontinent. An installation of the size described in the paper, 
ver, would need selection panels many square feet in area, 
moreover, the panels would have to be repeated at every 
hing position. The programme source multiple, too, 
d have to wander round the various operating areas. 
some programmes very short items follow one another in 
< succession, and programme sources must be preselected 
y for sequential fading in and out of circuit. This means 
multiple socket panels must therefore be increased in area 
1 amount equal to their basic size for each additional pre- 
tion required. 
© argument for some form of remote control switching is 
fore overwhelming. The authors refer to the adequacy of 
switching for small installations, and to give some scale 
e statement I estimate that for equivalent facilities a motor 
lector system becomes more economical than relays at a 
hing capacity of about 30 sources to six destinations, and the 
r the installation, the more economical becomes the use of 
 uniselectors. All switching is carried out at zero level 
the measured crosstalk over the complete switching chain 
een correctly terminated adjacent sources was 70dB at 


is probably worth mentioning, in reference to the engineer- 
nanual exchange, that when a source-to-route programme 
it has been completed, telephonic communication is also 
lished between the terminal points without the intervention 
©e.m.x. operator. I think it worth stressing the importance 
e 400-point monitoring system associated with the e.m.x., 
t this position the operator, on receiving a telephoned query 
ding a circuit fault, can immediately scan the relevant 
it under his control to locate the site of the fault. 

-. H. Snell: The authors say that they have considered 
hing by plug and jack and relay, as well as by uniselectors, 
ave they considered a method that is now coming into use— 
onic switching? The Richmond telephone exchange is 
; operated in this way, using cold-cathode tubes. 

. E. W. Hayes: It is interesting to consider what is implied 
e broadcast transmitting station by the demand for rapid 
hing of programmes and their routing. First, we have 
dvantage that the adoption of the automatic switching unit 
© transmitting station makes it unnecessary for the trans- 
r operator to be able to identify languages. Switching 
s are reduced by this automation, because operators need 
jentify similar languages. 

the other hand, the need for rapid switching introduces 
problems. It becomes necessary at times, for instance, to 
on a 100kW transmitter in the permitted 20sec. The 
mitter is commonly standing by with only the filaments 
d and has to go through all the processes from that point 
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on, including any lining up that is possible, in the 20 sec allowed. 
This is commonly called by transmitter staff a ‘crash start’. 

In the new transmitters now being installed, provision is made 
for this 20sec change of programme or programme routing in 
substantially the same way as the X and Y arrangement described 
by the authors, by having two independent output stages to 
each of the two transmitters. Wave changes are completed in 
20sec and automatic switching of the aerial in the same period 
is provided for. We are hoping to extend the automatic 
switching unit so that the impulse for initiating the wave change 
on the transmitters will, in fact, be a signal from the automatic 
switch unit. We envisage as an eventual target that the whole 
operation may be automatic, from Bush House to the trans- 
mitting station aerial. 

Tn Section 6.1 reference is made to a device to enable deliberate 
distortion to be introduced on the channels into which it is 
switched. This, if used judiciously, might have great value for 
squeezing out a little more money from an administration for 
the maintenance of broadcasting plant, but I have no doubt that 
it has a more mundane application. Will the authors say what 
this is? 

Mr. M. M. Freeland: It is not clear at what point during the 
20 sec silence the switching is carried out. Is it at zero, or some 
time before? If it is carried out before, what precautions are 
taken to ensure that the announcers have, in fact, stopped 
talking? 

The size given for studios is about 3 000 ft?, say 20ft x 15ft x 
10ft. That is, after all, the size of a fairly big living room, yet 
the type B Mark II equipment has provision for eight microphone 
channels. I should like to know how they can be used. Even 
the smallest talks studio has provision for three microphones, 
which seems over-lavish. 

I suggest that the ratio of tape to disc recording will probably 
be quite high—four to one—yet, although we have disc repro- 
ducing equipment in the studio, there are no facilities for local 
tape reproducing. 

Has the studio reverberation time of 0:35sec been chosen as 
a result of experience in this country on the Home service, or 
has consideration been given to the distortion—atmospheric 
etc.—and the adjacent-channel noise that is encountered in 
overseas broadcasting? 

Mr. E. A. Beaumont: The reliability of the equipment obviously 
depends very much upon the correct functioning of the large 
number of contacts in the uniselectors,’ and in Section 10 
reference is made to trouble with the a.s.u. in the early days due 
to the ingress of dirt. This trouble has recurred on several 
occasions, and there is little doubt that it is due to dirt, as stated. 
It may be argued that the right way to deal with this situation is 
to stop the dirt getting in; unfortunately this is not possible in 
the case of the marking code selectors. The screenwork sur- 
rounding this part of the equipment must be opened once daily, 
on average, to allow rearrangement of the combs: there is not 
the same necessity to open the protective screens round the other 
switches. 

It seems that the design of the actual contacts is unsatisfactory 
in the presence of dirt, and it takes a skilled maintenance 
engineer about one hour to clean the contacts of one uniselector 
switch. Would it not be possible to devise an improved contact? 
The one that springs to my mind is the hard-line type in which 
a knife-edge contact travels circumferentially, pushing aside any 
dirt encountered. In my experience it is much superior to 
contacts of the area type. 

Mr. M. J. L. Pulling: We have had a clear description of the 
arrangements whereby the programme progresses from its source 
at Bush House to its destination at a transmitting station. It 
occurs to me that an error might occur which could cause a 
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programme to be fed to the wrong transmitter aerial array. 
I should like to know whether there is any check which permits 
instant detection of this, or whether one has to wait until a 
message comes back from a distant part of the earth that some- 
one hoping to receive a particular programme has received a 
different one? 

Perhaps one of our authors could say something about the 


u 
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audience to which these programmes go. I imagine thi 
these days a large proportion of the audience gets them thr 
a local relaying station, probably on medium waves, and 
the organization that picks-up the programme direct from 
B.B.C. operates a special receiving station for that purpose 
there any evidence that a considerable number of people oy 
in fact still listen direct on short-wave receivers ? 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Messrs. F. Axon and O. H. Barron (in reply): Mr. McLean 
refers to last-minute changes in the transmission schedule. 
Over-ride keys are provided for manual operation of the a.s.u. 
and these also cover fault conditions. Comprehensive monitor- 
ing facilities are provided. 

All news bulletins broadcast by the External Services are 
prepared in Bush House. The main sources of news are the 
press agencies and the B.B.C. Monitoring Station at Caversham; 
an extensive teleprinter network links these and other sources, 
such as the Houses of Parliament, to the News Room. After 
the bulletins have been prepared, they are distributed to the 
programme sections in other parts of the building by pneumatic 
tube and teleprinter. 

There is a continuing trend towards greater use of tape for 
recording. At the present time tape claims 80% of the total 
recorded output, and this is likely to increase in the future. As 
a general rule, a tape speed of 15in/sec is used for recordings 
of music and 74in/sec for speech. 

We agree with Mr. Williams that the staff saving is largely 
due to centralization of the controls. The functions of the 
main operating desk are described in Section 5.2. A direct- 
switching system for Bush House would require an additional 
174 switches (15 bays). The price of this saving is double 
switching and a limited number (50) of simultaneous connections. 
In the case of the installation planned for Broadcasting House 
this limitation is not acceptable. A direct-switching system is 
to be used, since double switching with over 50 channels does 
not show a worthwhile saving. An auxiliary indicator will not 
be necessary. We are glad Mr. Williams liked the relative disposi- 
tion of bays and overhead trays planned for Broadcasting House. 

Mr. Snell refers to electronic switching. The designers con- 
sidered this and decided that the cost would be much higher 
than motor uniselector switches and that the crosstalk would 
be inadequate for broadcast purposes. 

Mr. Hayes is correct in his assumption concerning deliberate 
distortion. The special-effects units control audio-frequency 
bandwidth, mainly in drama productions, to produce effects 
such as telephone conversations. 

Replying to Mr. Freeland, programme switching takes place 
18sec before zero. In order to avoid being interrupted by the 
switching operation, announcers maintain silence from zero 
minus 20sec to zero minus 15sec. 

Type B studio equipments were designed so that two sizes 
covered all normal requirements. Usually Mark I is used in 
studios for talks, discussions etc., and Mark II in larger general- 
purpose studios. Most of the desks in Bush House are Mark I. 


Whether it is preferable for reproducing equipment to be 
or in a central room depends on the type of service. As 
Williams remarked, local tape-reproducing has been found | 
convenient for Home Services, but central rooms are well s 
to External Services. Recently, it has been found convenie 
Bush House for some networks to tape-reproduce local 
continuity suites, and trolley-mounted machines are usec 


_this-purpose, supplementing those in the central rooms. — 


reproducing equipment is local to the studios in all B 
services, and is frequently used for selected portions of | 
for which centralized working would be unsuitable. The s 
reverberation time of 0:35sec was based on experience i 
Home Service and was considered satisfactory for the Ove 
Services. 

We think that Mr. Beaumont is over-stressing a.s.u. tr 
due to dirt. Records show a total of 12 switching faults o 
a.s.u. during the six months to June 30th, 1960, and seven d 
the preceding six months. During the same periods, faul 
all other switching equipment (348 switches with 800 cor 
each) were 19 and 31, respectively. We would not expec 
a.s.u. protective covers to be opened daily, since the ove: 
panel can cover occasional changes in the schedule. The 
of switch had to be one already in quantity production, 
cluding the use of specially shaped contacts. In any cas 
are not convinced that a knife-edge contact would be 
factory and consider it would damage the surfaces of the 
contacts, which are very difficult to replace. 

Mr. Pulling raises the question of incorrect progré 
routing. -With several programmes running simultaneoush: 
risk that one of them may be incorrectly routed is always pri 
To legislate for this, the programme radiated by each transi 
is checked at frequent intervals against the operational sch 
by the B.B.C. Measurement and Technical Receiving Stati 
Tatsfield. 

With the growth of medium-wave broadcasting overse 
number of listeners who receive their programmes by re 
on the increase. Nevertheless, only a small proportion < 
potential audience is within reach of a medium-wave relay 
so direct listening on short waves is still predominant. Rec« 
surveys and correspondence with listeners confirm this. 

Mr. Petrie’s contribution includes answers to some <¢ 
points raised by Messrs. McLean and Williams. 

For further information about the Empire Service, see a 
by Hayes, L. W., and MacLarty, B. N.: ‘The Empire § 
Broadcasting Station at Daventry’, Journal I.E.E., 193 
Doll. 
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SUMMARY 

e paper describes the work done by the Cie Francaise de Télévision 
IT.) on the Henri de France system of colour television. First it 
es the objectives of the team of research workers who have carried 
his development. It then stresses the fundamental aspects and the 
al features of the system and describes the encoding and decoding 

Finally, it gives the practical results and theoretical aspects on 
ase of transmission of the coded signals. 


(1) INTRODUCTION 


is well known that a colour picture may be defined by three 
ponents of information and that a ‘black and white’ picture 
is only one component of information. It is also well known 
the three components of colour information may be treated 
rently from each other during transmission. It is desirable 
ransmit the luminance component—which in practice is a 
icular combination of three primary (red, green and blue) 
ponents over a wide bandwidth, but the remaining two linear 
binations of the three primary components may be trans- 
ed over a narrower bandwidth. Thus the wide-band infor- 
ion component is luminance and the two other components 
espond jointly to the chrominance. 

rom the aspect of the general theory of communication the 
lem is to determine how these three components of informa- 
should be transmitted and how they should be encoded in 
r to ensure a specific quality while occupying as small a 
yency spectrum as possible. To these data it is necessary to 
an essential point of exploitation, namely that of triple 
patibility, i.e. 

(a) Chrominance information must be easily extracted from the 
mposite signal, leaving only the luminance information for 
mochrome reception of a colour picture on a ‘black and white’ 
eiver. 

(b) “Black and white’ pictures must be capable of being received 
a colour-television receiver. 

(c) The frequency band occupied by the colour picture informa- 
n S. be no wider than that occupied by the black-and-white 
na 

arting from this basis, the development of the Henri de 
ice system has been concentrated on the simplification of the 
ving circuits and on reducing the difficulties associated with 
long-distance transmission of colour pictures. The sim- 
ty of receivers ensures, in general, ease of adjustment and 
lity of performance, and this fully justifies the first objective. 
realization of a colour-television picture transmission is an 
nsive matter; it is therefore important to ensure widespread 
mission and, concomitantly, to take advantage of the 
isive network of microwave links established for the trans- 
ion of black-and-white pictures. In practice, this demands 
ncoding of colour television signals suited to transmission 
litions identical with those which secure good quality for 
<-and-white television. The search for this special encoding 
the second objective of the development. 


nsieur Chaste is with the Cie Télégraphie Sans Fil, and Monsieur Cassagne is 
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(2) PRINCIPAL CHARACTERISTICS OF THE HENRI DE 
FRANCE SYSTEM 

In known systems of colour television, when the bandwidth 
of the chrominance signals is reduced the horizontal colour 
definition is lowered to an extent which is not perceptible to the 
eye while vertical definition remains practically unchanged. 
This fact seems rather abnormal when one considers that, in all 
standards, bandwidth and the number of lines must be related 
to achieve a reasonable balance between the horizontal and 
vertical definitions. The first important aspect of the Henri de 
France system is that it takes advantage of the fact that there is 
little point in supplying the eye with colour information which has 
more definition in the vertical direction than in the horizontal 
direction; with the horizontal colour definition reduced it is also 
possible, without disadvantage, to supply the added chrominance 
information in alternate lines in the vertical direction. The 
application of this idea gives the system its second, and no less 
important, characteristic. It is clear that the simultaneous 
transmission of the three signal components of colour informa- 
tion over a given frequency band raises greater risks of interaction 
between these signals than would be the case if only two signals 
were transmitted simultaneously over the same frequency band. 
The sequential transmission of chrominance information—the 
means employed in the Henri de France system to ensure the 
correct relationship between the vertical and horizontal colour 
definitions, makes it possible to transmit only two signal com- 
ponents simultaneously. 

The luminance signal is transmitted over a wide band for all 
scanning lines, in accordance with the usual rules for black-and- 
white television, but each of the complementary chrominance 
signal components is transmitted, over a narrow band, in 
alternate lines. The chrominance information which is not 
transmitted differs very little from that corresponding to the 
preceding line, which has already been transmitted. At the 
receiver, the information is considered as being identical, since 
the eye cannot appreciate the difference. This therefore provides 
three simultaneous signals while only two have actually been 
transmitted. For any one line the three signals are luminance, 
the chrominance information transmitted during that line and 
the chrominance information transmitted during the preceding 
line. This last signal is made available by the inclusion of a 
delay line* which repeats the signal after a delay of a line period. 
At any instant the chrominance signal transmitted follows two 
paths: one takes it directly to the decoding matrix before the 
receiving cathode-ray tube, while the other makes it available for 
the subsequent line via the delay line. 

At the transmitter the two chrominance signals, multiplexed 
in time, are frequency multiplexed with the luminance signal so 
that they may be transmitted at the same time as the latter. The 
luminance information keeps its normal place in the frequency 
spectrum. A sub-carrier allows the two chrominance signals to 
be transposed (see Fig. 1) and is situated at the end of the video 
spectrum with which it is interlaced; it can be transmitted with 

* The delay line used for decoding is a rather special element of colour television 
receivers in the Henri de France principle; in order to produce simple and inexpensive 


receivers, special attention has been given to reducing its price and size, and Section 4 
gives full information on this point. 
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Fig. 1.—Frequency spectrum of composite signal. 


symmetrical or asymmetrical sidebands. In order to reduce its 
effect on the luminance signal, its frequency is chosen as an odd 
multiple of half the line frequency, as in the N.T.S.C. system; 
with the same object, other precautions are taken and are 
described in Section 8.2. The arrangement obtained in this way 
is compatible, and the black-and-white picture can be extracted 
from the composite signal by a simple filter. Conversely, since 
the principle of constant luminance is observed, as in the 
N.T.S.C. system, a colour receiver reproduces a black-and-white 
picture faithfully. 

Lastly, stress should be laid on the fact that the chrominance 
sub-carrier is at all times modulated only by a single signal. 
This secures all the advantages of a single modulation. For 
example, if the sub-carrier is amplitude-modulated, there is no 
need to be concerned about spurious phase modulation. If the 
sub-carrier is phase or frequency modulated, then the behaviour 
of the amplitude of the sub-carrier has no significance. 

In short, it can be said that the Henri de France system is 
characterized by 


(a) Sequential transmission of chrominance information line by 
line. 

(b) Simultaneous transmission of two components of colour 
information instead of three. 

(c) Single signal modulation of the chrominance sub-carrier. 

(d) Storage of the chrominance information at the receiver from 
one line to the next. 


(3) GENERAL PRINCIPLE OF AN ENCODER-DECODER 
UNIT 


(3.1) Composition of the Transmitted Signal 


Let E; be the input voltage of a transmitter modulator in the 
analysis of a colour picture. We can write: 


E, 


1 
E, = By + | cos 2nf,t + S, 
c 
Ey = «Eg + BER + yEg 
E.1 = Enola + b(a’Eg + B’'Ex + y'Ez)] 
Ei => E.o[a a cla’ Eg + BER + y Ex) | 


E,, is the luminance voltage with y-correction, and E,, and E,, 
are the chrominance sequential voltages. S,, is the synchronizing 
signal carrying the line and frame synchronizing signals, S\r, of a 
conventional black-and-white picture, and pulses S,,; cos (27f,t) 
or S}.2 cos (27f,t) of sub-carrier frequency f,, depending on the 
line. These pulses allow E,, and E,5 to be identified: their 
width is approximately the same as that of the synchronizing 
pulses of the signal S\, and they are situated on the back porch. 
Ep, Ez, and Eg are the y-corrected voltages corresponding to 
the respective red, blue and green signals which result from the 
analysis. Ep, Eg and Eg are the low-frequency components of 


where 
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these voltages, which suffice for defining the chrominance si 
a, B, y, a, b, c, and E,9 are coefficients. 

The factor E,; or E,, to be taken in consideration i 
equation which gives £; is a function of the analysed line | 
sponding to the picture point under consideration, and ch 
from one line to the next as a result of time-division multip 
previously described. 

Section 8.1 gives a set of numerical values correspondin 
particular case of number of lines, for sub-carrier value 
linear combinations for luminance and chrominance, etc., a 
as the description of the composite signal obtained in the 
mission of a colour test pattern. 


(3.2) Encoder 


Fig. 2 is the block diagram of anencoder. This unit pro 
the composite signal E; from the camera voltages EG, E 
Ep and also the synchronizing voltages and the voltages” 
sub-carrier frequency which it produces itself. The three si 
EG, Ep and Eg, issuing from some analysing device are a) 
to a matrix aBy supplying the luminance signal by linear 
bination of the three signals. After the synchronizing s 
have been added, the signal E, is applied to a delay line \ 
function is to bring together in phase the luminance 
chrominance signals. The signal is then passed to a chromi 
mixer which also superimposes the modulated sub-carrier. 

The two other matrices, «’B’y’ and «’’B’y’”, produce 
band chrominance signals E;, and E{, which are applied 
electronic switch controlled at line frequency by the syr 
nizing-pulse generator. A filter follows the output c 
electronic switch and reduces the bandwidth of the chromi 
signals. These narrow-band sequential signals then dri 
sub-carrier modulator. This sub-carrier is not sent continu 
to the modulator to be modulated by the chrominance s1 
It is premodulated in order to be only partially present ¢ 
back porch of the black-and-white picture signal and for 
which differ from one line to the next. This allows th 
chrominance signals to be separated. 

It can be seen from this description that the networks 
are simple and without critical adjustment. In particula 
relatively low value of the switching frequency will be not 


(3.3) Decoder 


Fig. 3 shows the block diagram of that unit whose funct 
to extract from the composite signal the wide-band lumi 
information and the three components of narrow-band ch 
nance information, red, green and blue. More exacth 
decoder’s function is to reconstitute physically the three ch 
nance signals of hybrid composition. The ‘low frequency’ 
of these signals are separated and correspond to the signa 
Eg and Ep. The ‘high frequency’ part, or ‘mixed hig) 
common to all the Ep, Eg and Ep signals obtained fro 
luminance signals. By superimposing these three pr 
impressions, the human eye then recovers the luminanc 
chrominance of a picture. 

The composite signal E; passed to the decoder input i 
subdivided, by filtering, into two signals—the luminance / 
the chrominance E,, or E.. transmitted by the sub-carrier. 
us examine in detail the use of the two chrominance signz 
and E.,. The first operation to carry out is their identific 
since either is liable to appear at any instant; this is achiey 
the pulses S,.; and S,., which control the switching gen 
at the right instant. After identification, two sequential s 
must be converted to two simultaneous signals. In the e 
tion of the general principles it was seen that the eye is inse: 
to amplitude variations of E,,; or E,. from one line to the 
In order to effect the sequential-to-simultaneous conve 
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Fig. 2.—Block diagram of encoder. 
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Fig. 3.—Block diagram of decoder. 


istematic use is made of the chrominance information, E,, or 
-, available at a given moment and that, E., or E.,, trans- 
itted during the preceding line. The sequential signals are 
ansmitted over two channels, one direct and the other with a 
ansmission delay equal to the duration of one line. At the 
utput of these two channels two signals are simultaneously 
vailable, namely E,, and E,,. One output provides in succes- 
on E,,, E.», E.1, Er, .. +. and theother provides E.5, Ep, 
2, B.;... All that is needed is to switch these two outputs in 
mchronism, at line speed, to two new channels in order to 
btain two simultaneous and continuous voltages E,, and E,». 
hese operations are effected by switches 1 and 2. 


The twin outputs of switches 1 and 2 feed two detectors which 
rectify the sub-carrier envelope, i.e. reproduce the two signals 
E,, and E,, and not transposed signals. 

A chrominance matrix then effects the transformation of 
(B.1; Een) into (Erp — Ey, Eg — Ey, Ez — Ey). It will be noted 
that Ey contains only the low-frequency components of the 
chrominance signal Ey. Finally, the three voltages Ep — Ey, 
Eg — Ey, and Ez — Ey are applied to each grid of a 3-colour 
tube with three guns of which the three cathodes are fed in 
parallel by Ey. Thus each gun is controlled by a signal related 
to a single primary colour. For red, for instance, this signal is 
the sum of Ep — Ey and of Ey, i.e. low-frequency components 
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properly belonging to the red signal Ep and ‘mixed highs’ 
(£y — Ey) valid for the three colours. 


(4) COMMERCIAL RECEIVERS FOR THE HENRI DE 
FRANCE SYSTEM 

The design of a commercial receiver for the reception of 
signals coded in accordance with the Henri de France system will 
now be examined, and the following description is largely that 
for receivers which were used for the C.F.T. laboratory tests. 
It is clear that the future of colour television is conditioned by 
the possibility of building simple and inexpensive receivers, and 
this has been the aim of the C.F.T., as shown in Fig. 4. 
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This diagram shows all the usual parts of a black-and-whi 
or a colour television receiver. A high-frequency and ¢ 
intermediate-frequency amplifier bring the received signal to 
level suitable for detection. It is only beyond the detector that tl 
colour receiver begins to have special features. 

The valve Vo, which belongs to the normal chain of ar 
television receiver, not only amplifies the luminance signal bi 
also isolates the sub-carrier modulated by the chrominan 
signals. Its anode tuned circuit filters out this sub-carrie 
which is then passed to the input of the circuits necessary fi 
the reception of colour pictures. Another circuit, in all respec 
similar to that of a black-and-white receiver, supplies to tl 
cathode-ray the luminance, scanning and synchronizing signa 
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Fig. 4.—Commercial receiver with chrominance circuits. 
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t also supplies to the ‘chrominance’ section of the receiver 
ne-synchronizing signals whose purpose will be described later. 

The sub-carrier, filtered by the anode circuit of Vo, drives in 
arallel the grids of V;, and V>,, the drive to the grid of Vj, 
eing obtained directly from the secondary of the anode circuit 
f Vo. The drive to the grid of V>, is obtained through a delay 
ne providing a delay of one line (64microsec in the 625-line 
tandard). At any instant, V,, and V>, thus amplify the 
hrominance signals of two different lines. 

By the principle of the system, each of these signals, corre- 
ponding to two successive lines, belongs to one of the chromi- 
ance components of information to be transmitted. In the 
sceiver built these components are respectively R — Y (red, less 
iminance) and B — Y (blue, less luminance). 

The electronic switch mentioned in the previous Section here 
ses diodes. By blocking or unblocking diodes D,;, Dj, Dy; 
nd D,,, it switches the outputs S,; and S, over to the outputs 
; and S;. Thus by judicious synchronization, the output S; 
an always reconstitute a sub-carrier modulated by R — Y and 
he output $5 a sub-carrier modulated by B — Y. For example, 
"at a given instant the line is being analysed for R — Y, the 
utput S; is fed directly with R — Y by S, through diode Dj). 
he output S; is fed with B— Y by S, through D,,. The 
utput B — Y is also fed by the signal corresponding to the 
ne previously analysed for B — Y. 

V; then amplifies the two signals R — Y and B — Y, and by 
coupling between its two anodes produces the combination 
;— Yamplified by V,,. Thesignals R — Y,B— YandG — Y 
re then available and are applied to the grids of the 3-colour 
ube, the three cathodes of which are also fed with the luminance 
ignal. 

Returning now to the line-sequential switching, the blocking 
nd unblocking of the diodes D,;, D;, D2; and D,, is con- 
rolled by signals from the bistable multivibrator inserted between 
ne two anodes of V,, and V>,. This multivibrator is controlled 
n the one hand by the line-synchronizing signals taken from 
ne conventional part of the receiver, and on the other by pulses 
yhich are always produced every other line at the secondary of 
he anode circuit of V4p. 

The line-synchronizing pulses cause a change-over at every 
ne. The pulses from V4, ensure that this change-over occurs 
n the proper phase, for the multivibrator can be triggered only 
yy the simultaneous presence of the line-synchronization pulses 
nd of the pulses from V4p. 

The pulses which appear in every other line are produced as 
ollows. V4, is unblocked only during the beginning of the 
yack porch by a pulse originating in the sweep circuits. From 
tig. 10 it is easily seen that, during this unblocking period, V4, 
s able to pass the sub-carrier only if it is present, ie. once every 
wo lines. Then there is, after detection by D3, only one pulse 
very second line at S;. The chrominance signal transmitted, 
R — Yor B— Y, can thus be recognized without ambiguity. 

V4, is also used as a ‘colour killer’. In the absence of a 
hrominance signal there is no pulse at S;. The multivibrator 
Iriven only by the line-synchronization pulses does not turn 
ver and the detection arrangement D, produces a zero voltage 
while biasing positively the grids of Vj, and V2, when the 
nultivibrator is in action. Thus, in the absence of a chromi- 
lance signal, the two chromatic video amplifiers are blocked. 


(4.1) Prototype Delay Line 


_ This part of the receiver has been the subject of important 
development work aimed at reducing its dimensions and lowering 
its cost. This work was deemed necessary by C.F.T. right from 
the start and has led to some extremely interesting results. 
During the earlier trials it was first necessary to verify the 
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principles of the Henri de France system before the engineering 
problems could be studied, so that the first delay line used was a 
simple HH2500 cable. This coaxial line consists of a flexible 
mandrel of polythene loaded with a magnetic powder, around 
which the central conductor is wound in order to produce the 
necessary line inductance. An external metal shield provides 
a line capacitance suitable for producing a delay of 2 microsec/m; 
thus 32m of cable were needed to produce the delay of 
64 microsec required for a 625-line system. Although the cable 
diameter was small, such a delay line was immediately considered 
too large; moreover it had various technical and economic 
drawbacks, 


(4.2) Second Type of Delay Line 


The second line used was of the coaxial type with the external 
conductor forming a solenoid whose characteristics had been 
determined to make the phase/frequency curve linear. The 
experimental model had a characteristic impedance of 3 kilohms 
and a delay of 22microsec/m; thus 2-9m were required to give 
the requisite 64microsec delay. This line was stil] too large and 
its cost too high. Although it is not considered that a final 
result has been attained, the latest lines built show that it is 
already possible to build receivers in which the delay line is of 
only secondary importance in cost and size. 


(4.3) Latest Designs of Delay Line 


The latest designs are multiple-reflection quartz lines. Trans- 
ducers are ferro-electric cells of barium titanate which use the 
propagation of longitudinal sinusoidal waves in a solid medium 


Fig. 5.—Delay line. 


of fused silica. Fig. 5 shows the external appearance and the 
internal construction of these lines. Their main characteristics 
are as follows: 


Delay.—The 64microsec delay required is obtained struc- 
turally with a precision of 0-1 microsec; but since the temperature 
coefficient of this line is 10~* per degC, it will be seen that the 
delay may vary by 0-192microsec for a temperature range of 
30°C. The possible overall difference between the theoretical 
delay and that obtained in practice is therefore of the order of 
0-:2microsec, and this has been verified by experiment (see 
Section 5.1). 

Pass Band.—The amplitude/frequency curve for this line is 
shown in Fig. 6, the 3dB points being 1:34Mc/s apart. The 
tests mentioned in Section 5.2 were carried out using the pass 
band symmetrically, i.e. limiting the bandwidth of the chro- 
maticity video signal to about 700kc/s. A check has also been 
made regarding the possibility of shifting the sub-carrier by 
placing it at 900kc/s from the lower 3dB point and so at 
440ke/s from the upper 3dB point. It is, however, possible to 
widen the pass band of such delay lines and to conform to future 
standards in respect of the bandwidth of chrominance signals. 

Spurious echoes are 26dB below the useful signal. 
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Fig. 6.—Characteristic of delay line. 


Attenuation.—The delay line introduces an average attenua- 
tion of 26-5dB. : 

Transient response.—Fig. 7 shows the input and output signals 
of the delay line for transmission of a colour-bar test pattern. 
The good overall fidelity of transmission through the delay line 
should be noted. 


© @ 


Fig. 7.—Transient responses. 


(a) Input signal for R — Y. 
(6) Output signal for R — Y. « 
(c) Input signal for B — Y. 
(d) Output signal for B — Y. 


The complete delay line is lin high and 3in in diameter; it 
costs approximately £6. 

Other work is in hand in order to improve certain charac- 
teristics and to reduce the price still further, but it is already 
quite clear from the latest results that the delay-line problem has 
already become of secondary importance from both the technical 
and economic points of view. 


(5) TRANSMISSION OF COLOUR TELEVISION PICTURES 

The arrangement shown diagrammatically in Fig. 8 has 
enabled C.F.T. to carry out many experiments and demonstra- 
tions. This block diagram shows that the colour pictures can 
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slides, and the other for 16mm film. The three signals from th} 
analyser are transmitted, on the one hand to a wide-band receive 
with three separate channels, and on the other to an encoder. | 

The encoder output signal has four possible channel 
Channels 1 and 3 allow of direct decoding, with reproductio} 
of the colour pictures on an RCA 3-colour tube. Channel | 
provides means for introducing a microwave link in the tran} 
mission, and channel 4 allows transmission via a v.h.f. tran 
mitter with its associated receiver, free-space propagation bein} 
simulated by means of a variable attenuator. The radio link } 
used more particularly for the study of the effect of accident: 
variations of phase or amplitude, as well as the study of pertu} 
bations caused by noise; the v.h.f. transmitter is used for tk 
study of interference. It is also seen that a black-and-whi} 
receiver enables compatibility to be assessed and that channel L 
is used only for comparison with channels 2 and 4. ; 

It is not proposed to extend the paper to include a detaile) 
description of all the experiments carried out, but the mo} 
striking results will be given for the appreciation of the featard 
of the system. In the Introduction, stress was laid on the impo’ 
tance which C.F.T. attached to the ease of transmission «| 
colour pictures. It is essentially from this viewpoint that tt} 
experimental results* and the theoretical points given below ai} 
of value. | 

We shall examine in turn the sensitivity of colour pictures t} 
the three main classes of possible disturbances, namely accidenti| 
phase variations, accidental amplitude variations, and noise an} 
interference. 


(5.1) Effect of Phase Variation 


It is under the influence of sub-carrier phase variations thd 
the system shows its most remarkable quality, and this is becaus} 
the chromatic information is not related to the phase. Onl 


* The tests were carried out in the following way: a number of pictures were di 
played in turn on the two 3-colour receivers A and C, fitted with RCA tubes. TI 
two receivers were adjusted so as to exhibit two substantially equivalent pictures wh« 
transmitting a half-shade monochrome test pattern and a colour-bar pattern. T) 
maximum admissible variations for such or such parameter were determined by tl 
appearance on the coded picture of colour bands or spurious structures. Clear! 
the degradation occasioned would often have been imperceptible without the eleme 
of comparison, 


he possibility of a phase shift of colour signals with respect to 
the original phase determines an upper limit to the acceptable 
yhase variations. It was shown experimentally that a shift of 
| the chrominance information signal of 0-2microsec with respect 
‘o the luminance information signal fixed the acceptable limit. 
This delay corresponds to a shift of 300° at the frequency of 
the sub-carriers used (4-1 Mc/s). 
The phase of the sub-carrier can vary with luminance, and this 
vis one of the defects which it is most difficult to correct in micro- 
‘wave links. It is therefore especially important for a colour 
television system to be practically independent of the differential 
phase of the equipment. (Even a long series of radio repeaters 
‘could hardly show a differential phase of 300°.) 
| As in the other systems, non-linearity of the phase/frequency 
‘curve in the neighbourhood of the sub-carrier causes an incorrect 
‘reproduction of the chromatic transients. But these defects are 
less marked because they are related to a modulation of a single 
‘type, which, moreover, is an amplitude modulation. In par- 
‘ticular, they cause no intermodulation between the chrominance 
signals, even if these are modulated with asymmetrical sidebands. 


wh (5.2) Effects of Amplitude Variations 


| Since the chrominance information:is carried exclusively by an 
amplitude modulation, about the same susceptibilities are found, 
» for amplitude variations, as in the N.T.S.C. case. It is useful to 
point out that this amplitude modulation, as in the N.T.S.C. case, 
| corresponds to a single chrominance information component. 
\} The tests carried out have shown that, under the conditions 
hae out above, the tolerance is 1dB for the differential gain. A 
jhigher differential gain causes a hue shift towards green or 
\, purple, depending on its sign. 

A 1dB variation in the luminance/chrominance ratio is also 
admissible. Since the system functions on the principle of 
«constant luminance, variation of the relative ratios merely 
produces a variation of colour saturation. Much larger varia- 
| tions are ineffective on the synchronization of the chrominance 
signals, for the few cycles of sub-carrier which occur on the 
‘back porch carry only an ‘all or nothing’ signal which is 
relatively insensitive to level variations. 


(5.3) Effects of Noise Interference 


The introduction of uniform noise in the transmission spectrum 
| produces no colour shift, only colour desaturation. The degra- 
dation of the colour picture is more substantial than that of the 
monochrome picture with thé same signal/noise ratio. Com- 
_Parisons are very difficult to make, but it would seem that the 
| threshold of noise visibility on the colour picture is about 10dB 
‘below that on the black-and-white picture. An important 
‘improvement can be expected from tests which will be referred 
_ to at the end of this Section. 

The effect of colour-picture interference patterns, of course, 
‘increases as the interference frequency approaches the sub- 
carrier frequency, as shown by Table 1. 

In particular it will be noted that, when the frequency of an 
interfering signal is exactly that of the sub-carrier, the interference 
pattern becomes visible for a level 13 dB below that which makes 
it visible on a black-and-white picture. It should be noted that 
this value corresponds to a visibility threshold and not to an 

acceptability threshold, which is much higher and very difficult 
to establish. 

To conclude this Section some reference will be made to tests 
(which show promise of interesting results) at present in hand 
in the C.F.T. laboratories. The foregoing results and considera- 
tions show that the Henri de France system is notably insensitive 

to sub-carrier phase variations and that it is fairly comparable 
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Table 1 
EFFECT OF INTERFERENCE 


Level of the interference 
on the occurrence of 
interference patterns 

(with respect to the carrier) 


Frequency of interfering 
signal 


Mc/s dB 
fo (carrier frequency) 
1 


—38 
—41 
—49 
= 551 


0+ 3° 
fo +3°6 
fo + 4:1 (sub-carrier 
frequency) 
fo+4-6 “1G 
fot+5-1 —41 


to other systems as regards the effect of amplitude variations 
and noise. 

In order to improve the performance of the system from these 
two aspects C.F.T. have undertaken tests on frequency modula- 
tion of the sub-carrier instead of amplitude modulation. It 
should be noted that frequency modulation does not make coded 
signals corresponding to large colour patches more sensitive to 
phase variations than amplitude modulation: the sub-carrier 
frequency takes a fixed value which characterizes the hue, and 
the phase is not a carrier of information. At the most, fre- 
quency modulation renders the transmission of colour transients 
more nearly faithful. Against this, as has been confirmed 
experimentally, it allows of very large tolerances in the differential 
gain, on the amplitude/frequency law, and in the constancy of 
the luminance/chrominance ratio. It also brings about a very 
substantial improvement in protection from noise and inter- 
ference. 


(6) CONCLUSION 

Undertaken with very modest facilities, the development of the 
Henri de France system has very quickly produced results which 
show notable advantages in comparison with the N.T.S.C. 
system. 

If laboratories of international status could take up the study 
of improvements to be made to this system, it would certainly 
be possible to attain the objectives of permitting the construction 
of inexpensive receivers, easily adjusted and with stable per- 
formance, and simplifying programme exchange. 

Once these objectives were attained, C.F.T. would feel that it 
had usefully served the cause of colour television. 
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(8) APPENDICES 
(8.1) Composition of the Transmitted Signal in the Special 
Case of a 625-Line Picture 


The principal aspects of the 625-line system used for the tests 
were as follows (levels given in relative values): 


Luminance E,, = 1 (peak-to-peak) 
Synchronizing signal for lumi- Sy, = 0-43 [peak-to-peak 
Syz 
nance information ie. YL = 0-31)] 
Ey + Syz 
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Synchronizing signal for chro- 
minance information 


Syc = 0:25 (peak-to-peak) 


Linear combinations trans- 
mitted as chrominance sig- 
nals 


b(a’Eg + B’ER + y'Es) = 
1:43(Ep — Ey) = 1-43 
(0:7Ep — 0:59Eg — 0-11E,) 

C(a’’Eg ote BER ee y’Ep) — 
1-12(4, — Ey) =1:-12 


Chrominance signal . . One 
tie or 
1-12(E, — Ey | 
Sub-carrier frequency 4-1 Mc/s 
Delay introduced in one chro- 64microsec 


minance channel on de- 
coding 


Duration of sub-carrier elimi- 
nation for suppressing chro- 
minance 


6:Smicrosec for one line, 
8 microsec for the next 


Luminance signal Ey = (0-59EG + 0:3ER + 


0-11£5) 
The particular values of the coefficients «, 8 and y correspond 


to the use of the reproduction primaries whose co-ordinates are, 
on the C.L.E. system of axes, 


Red x —102.67,..¥==033 
Blue XO ey == O08 
Green ea OE2 1 y= Os 


The variables Eg, Er, Eg, EG, Er, Ep are between 0 and 1, and 
the variables Er — Ey and Ez — Ey are between —1 and +1. 

It is thus possible to state the value of the composite signal 
obtained during the transmission of the colour-bar test pattern 
regularly used for adjusting colour transmission systems. It 
will be noted that this pattern contains, in addition to black 
and white, which are uncoloured values, the three fundamental 
completely saturated shades red, green and blue, and their three 
complementary colours: blue-green (cyan), violet (magenta) and 
yellow. 

Table 2 gives the set of numerical values which the colour 
variables take during such a transmission. 

The waveform of the composite signal is shown in Fig. 9. 
It will be seen that, in this particular case, the composite signal 
has a peak-to-peak amplitude 8-75% greater than that of the 
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RED 
BLUE 
BLACK 


8-75 %e 


Fig. 9.—Sub-carrier signal patterns produced on cathode-ray 
oscillograph. 


black-and-white signal, and that the maximum incursion © 
the sub-carrier beyond black has an amplitude equal to 10% o 
the black-and-white signal, i.e. 33% of the synchronizing signal 


(8.2) Precautions taken to Reduce the Visibility of the 
Sub-Carrier Interference Patterns 


The interlacing of the luminance and chrominance spectri 
naturally causes intermodulation of these signals. This applie 
to all systems of colour television when the total spectrum widtl 
is equal to that of the luminance spectrum alone. We shall se 
out the precautions which have been taken to reduce the effect 
of that intermodulation. 

First, considering the presence of the sub-carrier and of it 
sidebands in the luminance signal, the choice of a frequence 
which is an odd multiple of half the line frequency, known a 
‘offset’, makes it possible to obtain low-visibility spots such a 
are shown in Fig. 10(a). There occurs a partial plus or minu 
compensation effect between the brilliance values due to th 
positive or negative half-waves of the sub-carrier, taking int 
account the practical equality of the signal in two successiy 
lines or in two corresponding lines in two successive frames 


Table 2 


RELATIVE VALUES OF COLOUR VARIABLES DURING 


SOSS9SH00 


SeSese 


E’ = Ej, + Ec cos 2nfet 


, 


1:43(E, — Ey) 


[1+ 


or 
1-12(Ez — Ey) 


TRANSMISSION 


Magenta 


NO 0 10 
++ 
S2SSSSPorr 
AN 
I+ 
Se22°9Poo= 
+ | 
Seeee°oforo 
WwNreoO,r 
ama KOSSOCO 


NUNOo Ore 
NNN 
Aan 


ooo 


Ey = 0-59Eq + 0°30Ep + 0-11Eg 


0-18(E, — Ey) 
= 0°125 + or 
| A 14(Ep — f) 


OOOOOOO 
@@OOOO® 
®O@DOO® 


@®O@OOO® 
OCTOTOTOTOTO) 


(a) (}) 


(Cc) (d) 


Fig. 10.—Patterns of an ‘offset’ sub-carrier. 


Eyery point shows the positive peak of the sub-carrier and each numeral gives the 
number of the field. 
a) N.T.S.C. case. 
5) Continuous recurrence of sequential multiplex. 
(c), (2) Discontinuous recurrence of sequential multiplex. 


However, in the case of the Henri de France system, two succes- 
sive lines actually bring almost similar luminance information; 
but this is no longer true for the modulated sub-carrier signal, 
which carries two information components, R — Y and B — Y, 
which are usually different. 

Fig. 10(b) shows the spotting which appears when no pre- 
caution is taken in the time-multiplexing recurrence frequency, 
in the extreme case for which either R — Yor B — Y is assumed 
to be zero and the other a maximum. For example, it will be 
seen from Fig. 10(b) that the spots, 3, of the first line have 
disappeared while those of the third line have remained; this is 
because the chromatic information of the first line of the third 
frame is zero while that of its second line (i.e. of the third line 
of the Figure) is assumed to be a maximum. The Figure shows 
the substantial increase in visibility made possible by the 
appearance of columns and a less dense structure of the 
spotting. Moreover, it shows that the order of succession of 
the frames, 1, 2, 3 and 4, leads to an upward drift [as is also the 
case in Fig. 10(a)]. 

_ These defects can be reduced by altering the multiplexing 
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recurrence at every frame and the phase of the sub-carrier. The 


method used is as follows: 


(a) At the end of each of frames 1-4 a discontinuity is introduced 
in the succession of the chromatic information components R — Y 
and B— Y. This, for instance, leads to exploring the first line of 
frame n + 1 as the last line of frame n for R— Y. This first line 
of the n + 1 frame is thus explored for R — Y, while it would have 
been explored for B — Y with a continuous multiplexing recurrence. 
Spotting then has the appearance shown in Fig, 10(c). It has a 
diagonal arrangement, which reduces its visibility. The order of 
succession of frames 1-4 causes downward drift whose bad effect 
is attenuated by a second type of discontinuity. 

(6) In contrast to what happens at the end of frames 1-4, no 
modification is made to the normal succession R— Y, B— Y, 
R — Y, etc., signals at the end of frames 5-8. But the phase of the 
sub-carrier is reversed at the end of these frames, which produces 
the spotting shown in Fig. 10(d). The diagonal arrangement is 
the same as that in Fig. 10(c), but drift now occurs in the upward 
direction. 


In connection with interference patterns, an advantage can be 
indicated which is inherent in the Henri de France system. As 
is well known, most commercial receivers show such patterns 
when, at the transmitter, the picture and mains frequencies are 
not strictly related. This is always the case in colour television, 
since the picture frequency is derived from the stable frequency 
of the sub-carrier crystal in order to reduce the visibility of the 
sub-carrier. For second-order interlacing, for instance, the 
picture frequency defined by the sub-carrier crystal may at times 
differ from the mains half-frequency, which is variable. The 
interference patterns then become more troublesome as the 
frequency difference increases. 

In the Henri de France system there is no very-narrow-band 
circuit such as a synchronous detection circuit to demand that 
the same chromaticity sub-carrier frequency shall always be 
rigorously maintained. It is therefore perfectly feasible to equip 
a transmitter with three crystals giving frequencies which are a 
constant multiple of the mains frequency, e.g. 


4-100 Mc/s = 82000 x 50c/s 
4-182Mc/s = 82000 x Sic/s 
4-018 Mc/s = 82000 x 49c/s 


and automatically to switch the crystals at the transmitter as the 
mains frequency varies between 49 and 51 c/s. 

Under these conditions the sub-carrier difference at the 
receiver (2%) remains acceptable and the interference patterns 
are substantially reduced, the difference between the picture fre- 
quency and half the mains frequency then being lowered. 


DISCUSSION BEFORE THE ELECTRONICS AND COMMUNICATIONS SECTION, 27TH APRIL, 1960 


Mr. W. J. Bray: This first demonstration of the transmission 
of colour television signals over the Eurovision network from 
Paris to London has been an historic occasion. In view of the 
long-distance transmission of the signals, it might be of interest 
to give details of the links used (Fig. A). The link from Paris 
to the P.T.T. terminal at Tour de Meudon was by temporary 
microwave equipment. From there, the signals were fed over 
the P.T.T. permanent microwave link to Loos and thence to 
Fiennes on the French coast and the Post Office radio station 
at Tolsford Hill, near Folkestone. From Tolsford Hill the 
signals were transmitted to Crystal Palace, London, by tem- 
porary microwave links set up by the British Broadcasting 
Corporation. The normal routing for the Eurovision signals is 
by coaxial cable between Folkestone and London; however, the 
bandwidth on the existing coaxial cables on this route is 5 Mc/s, 
Whereas the 625-line colour signals require a bandwidth of 
about 5Mc/s and it was therefore necessary to set up the 
temporary microwave links. 


From Crystal Palace the signals proceeded by coaxial cables, 
with a bandwidth of 5 Mc/s, to Broadcasting House, the Post 
Office television switching centre at Museum Exchange and 
thence to Gerrard Exchange, near the Institution building. I 
might mention that The Institution is now connected by per- 
manent coaxial cable link to the national television network, so 
that in future members will have the advantage of that facility. 

The overall performance of the Paris—London link will be of 
interest. The overall bandwidth was effectively 5 Mc/s, and the 
signal/noise ratio was 50dB weighted and 43dB unweighted. 
The waveform performance of the overall system was such that 
the K-factor—the rating commonly accepted for assessing the 
waveform transmission performance of television links—was 
5% before waveform correction. Even with this K-factor and 
without additional waveform correction, the quality of the 
received colour signals was acceptable. However, some addi- 
tional waveform correction was inserted and the K-factor 
reduced from 5% to about 1°%. The linearity of the system was 
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Fig. A.—Transmission of 625-line colour-television signals 


from Paris to London. 


Distances in kilometres. 

Permanent microwave links. 
— — — — Temporary microwave links 
- Permanent cable links. 


such that the black signals in the standard staircase test pattern 
were compressed from 100 to 82°% and the white signals to 96%, 
so that the overall system was slightly deficient in respect of 
linearity. 

The signal transmitted from Paris used pre-emphasis of the 
video signal in which the low-video-frequency components were 
reduced in amplitude by some 10 or 12 dB before transmission. 
At the receiving terminal—in this case the microwave-link 
terminal at Crystal Palace—a de-emphasis network was provided 
to restore the video signal to its correct proportions. The use 
of pre-emphasis greatly reduced the impairment of the video 
colour signal due to differential amplitude and phase distortion 
on the microwave links by restricting the frequency deviation 
corresponding to areas of uniform brightness. 

Mr. V. J. Cooper: This evening we have witnessed two historic 
events—our first contact with Europe through colour television, 
and a demonstration in this country of the Secam system, which 
the most conservative among us will acknowledge as coming 
nearer to being a serious competitor of the N.T.S.C. system than 
anything we have seen so far. 

Beginning with the N.T.S.C. system, the authors have recog- 
nized two difficulties, namely long-distance transmission and 
the necessity of using a synchronous detector in the receiver. 
It is possible that they have exaggerated the importance of these 
two difficulties, because the Americans are regularly sending 
N.T.S.C. system colour-television signals over thousands of 
miles satisfactorily, and currently available equipment designed 
to transmit 600 speech channels will transmit N.T.S.C. colour 
signals without significant distortion. We have found the syn- 
chronous detector as reliable and robust as any other part of 
the receiver, and in fringe areas it is common experience to see 
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the colour synchronization holding in conditions of interferenc 
when the conventional synchronizing is beginning to fad 
These two alleged difficulties arise because of the double modt 
lation of the sub-carrier in the N.T.S.C. system, and the fir: 
logical step was, of course, to separate the two modulatio 
components and permit envelope detection at the receiver and 
choice of amplitude or frequency modulation. Alternate-lin 
switching of chrominance has been chosen to effect the separatior 
There is also the interesting by-product of the Secam syster 
of having reduced colour resolution vertically as well as hor 
zontally. This feature raises two interesting points so far a 
colour resolution is concerned. The chrominance informatio 
is delayed for one line in the sequence, i.e. two lines in th 
make-up of the picture. It is, in fact, out of register with it 
luminance counterpart. Not only have we low resolution, bu 
misregistered low resolution. Moreover, a receiver working i 
a fringe area where horizontal synchronization is not impeccabl 
will either have very-short-time-constant line-synchronizing pet 
turbations or, if it has a flywheel, it will have long-time-constan 
perturbations. However, the delay line in the receiver does ne 
know anything about it and will delay the previous line infor 
mation by a constant amount, disregarding the synchronizin 
errors. In this case there will also be a horizontal displacemen 
of colour information relative to the luminance information. 
In Section 8.2 the authors refer to the possibility of using | 
49, 50 and 51 c/s frame frequency. If the conventional line/fiel 
relation is used it will correspond to a 2% change of lin 
duration, and this will mean a 2% displacement of chrominanc 
information for a constant delay line. This is surely unacceptable 
Monsieur R. Sueur (France; translated by Dr. R. D. A 
Maurice): The French Post Office have shown great interest i 
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this demonstration. The official international organizations have 

the duty of making recommendations respecting the use of such 

systems as these, but we should help them by trying to solve the 

preliminary problems and facilitate implementation of the vari- 
ous recommendations by standardizing transmission character- 
istics as much as possible. In this way the meetings of the 
international groups would be shorter: there would be less to do 
and more leisure to enjoy. We should learn, not only from past 
successes, but from past failures. France, for her part, has 
obtained her experience of television on what is now an inter- 
nationally known standard system, and hopes that there will 
not be a recurrence in future of the incompatibility of standards 
experienced in the past. 

I am not a television specialist; my main interest is in trans- 
mission. It is the engineer who is usually blamed when there 
is a technical breakdown in national and international pro- 
gramme exchanges. For this reason I ask you, as television 
engineers, to make our task easier. Black-and-white trans- 
mission over great distances is already difficult enough. What 
will become of colour transmission if differential gain and 
differential phase, for example, are added to the existing 
difficulties which we must overcome? 

This evening’s experiment should be long remembered, for it 
is the first time that colour television has come to you from the 
Continent. Moreover, it is an excellent example of international 
co-operation. 

To-day we come to you and say, “Here is a system in which 
the signals are very simple and easy to transmit. A few imper- 
fections may still have to be overcome; if that is so, let us work 
together to complete what has been begun and help develop 
this unique system which will bring us closer together’. Else- 
where I have seen systems which differ from this: in my opinion, 
they are not better than it—to the contrary. 

Mr. N. N. Parker Smith: It is interesting to note that this 
system is not arranged so that the sub-carrier vanishes for 
colours of zero saturation, such as blacks, greys and whites. 
Several advantages accrue from this property of the N.T.S.C. 
arrangement. For instance, in the event of a failure in the 
chrominance signal, the picture seen on the colour set is in black 
and white. Under this arrangement it would seem to appear 
in a colour ranging in hue from yellow to cyan which would 
certainly be less acceptable as an emergency condition of 
operation. Furthermore, a useful and rapid check may be made 
by connecting the red, green and blue outputs of the camera in 
parallel and observing that the sub-carrier is everywhere zero. 
In the Henri de France system the sub-carrier would appear to 
have a constant value, which is not so easy to measure. 

It would seem that the loss in vertical definition is, in fact, 
greater than one would expect from the description given in 
terms of lines n and n + 1, because, owing to the 2 : 1 interlace, 
it is actually the m + 2 line which is repeated and the loss in 
vertical definition would therefore appear to be at least 3: 1 
and not 2:1. 

Mr. G. B. Townsend: It is undoubtedly very important that 
we should be able to bring colour-television pictures over great 
distances, but we must not forget the vital last 20-50 miles from 
the transmitter to the domestic receiver. The B.B.C. spends a 
total of £15000000 a year on its national television programme. 
I believe that 6°% of this is spent on lines and linkages, which is 
at least two orders below the national yearly expenditure on 
new television receivers. 

In the N.T.S.C. 405-line receivers which my company manu- 
factures the number of valves in the decoding section can be 

compared with the similar portion of the Henri de France 
Teceiver. I found that the latter has six valves and two diodes 
less; this must be offset against the cost of the delay line. Is the 
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quoted price of £6 that at which it will be sold to manufacturers 
following large-scale production, or is it the retail price? 

I was surprised to find no mention of gain controls on the 
various receiver channels. J examined the effect of a 1dB 
change in one of the sub-carrier amplitudes and estimated that, 
in N.T.S.C. terms, it produces a chrominance change on a 
desaturated bright yellow, approximating to flesh tone, of nearly 
30°. Is this the sort of figure one would expect? In comparing 
our N.T.S.C. receiver with the Secam receiver I am considering 
a receiver which has automatic chrominance control and splits 
the chrominance from the luminance immediately after the 
vision detector. To handle both signals in the same video stage 
may give rise to trouble, and I wonder whether the authors 
considered using G — Y instead of B— Y? Would this not 
have some advantages in regard to the movement of colours 
when differential gain occurred, flesh tones moving, not in 
the green—magenta direction, but more in the yellow—blue 
direction? 

I did not understand the suggestion that noise in the a.m. 
system causes only a desaturation of colours. I would expect a 
change of hue if there is a perturbation which changes the 
luminance signal and the one chrominance signal which is 
being transmitted at that instant. 

Mr. S. N. Watson: Like the author, I think that the correct 
basis on which a colour system should be judged is that of its 
ability to produce good-quality colour pictures, together with 
acceptable compatibility. At the present stage of development, 
a comparison of systems based on cost of receivers is not useful 
unless the one system shows a major advantage over the other; 
and since this is certainly not true in comparing the N.T.S.C. 
and Secam systems, we must look at the fundamental system 
performance. I shall select two aspects of this, out of the many 
which might be discussed. 

The ability of a colour system faithfully to portray hue is of 
paramount importance; the authors are of the opinion that a 
weakness of the N.T.S.C. is the fact that the hue is conveyed by 
the phase of the colour sub-carrier. While this may be true in 
the special case of certain f.m. radio-relay links, which in any 
case can be designed to be perfectly satisfactory, it certainly 
does not apply to the important part of the transmission system 
which begins at the transmitting aerial and ends on the viewer’s 
receiver. It is in this sphere—where the equipment is out of 
skilled hands and where the overwhelming money investment 
lies—that the N.T.S.C. system is more robust and satisfactory. 

My second point is concerned with compatibility: because the 
average amount of chrominance information is low, the N.T.S.C. 
colour sub-carrier is low on the average (about 12% of maximum 
sub-carrier) and zero whenever there is no colour information. 
On the other hand, the Secam colour sub-carrier will have an 
average level of 25% of the maximum level of the N.T.S.C. 
sub-carrier and is accordingly 6dB stronger than it. Tests in 
this country have shown that the dot pattern of the N.T.S.C. 
system is satisfactory, but bearing in mind the gamma of the 
display tube, doubling the sub-carrier amplitude might well 
prove most disturbing, particularly since it is strong on such 
relatively uncoloured and important detail as the human face 
and figure. The use of frequency modulation for the sub- 
carrier, precluding as it does any fixed relationship between it 
and the scanning frequencies, might well make the compatibility 
of the Secam system unacceptable. 

Dr. R. D. A. Maurice: Although one can quite logically say 
that, if one does not need horizontal resolution beyond a 
certain value, it need not be given in the vertical direction, it is 
nevertheless true that the eye does not cut off very sharply, and 
every little helps. Therefore, although I agree with the authors 
that it is logical to lose vertical resolution because the N.T.S.C. 
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system loses it horizontally, I believe that that must be counted 
against the system as such. 

In Section 4.3, although the authors are, in fact, discussing 
the variability of the delay with temperature, the field frequency 
must not be allowed to vary either, because the line frequency 
must remain constant so that the line period stays equal to the 
delay of the delay line. Therefore, we must run the system 
asynchronously from the mains as is done with the N.T.S.C. 
system. A simple calculation based on 50c/s shows that a $c/s 
change in supply frequency would alter the line scan duration 
by 0:2microsec—which is the authors’ figure for limit of 
acceptibility. 

Section 5.3 refers to the question of noise. An interesting 
check can be made in a roundabout way. In the first paragraph 
of this Section the authors say that ‘Comparisons are very 
difficult to make, but it would seem that the threshold of noise 
visibility on the colour picture is about 10dB below that on the 
black-and-white picture’. Donald Fink, in his book on N.T.S.C. 
standards, says that the results of a number of tests in the 
United States gave a figure of 1 dB as expressing the increased 
vulnerability to random noise compared with monochrome. 
The B.B.C. made some fringe-area tests comparing a colour slide 
and a black-and-white slide. When the latter was transmitted 
no colour burst was sent. The receiver colour equipment was 
therefore switched off, and it became a monochrome trans- 
mission. They found that in fringe areas, at about 100-200 ~V/m 
on Channel 1, the N.T.S.C. system was about 3dB more vul- 
nerable than monochrome. We may, perhaps, take as an 
average, the figure of 2dB. If the Secam system using amplitude 
modulation is 10dB less efficient, the net difference between the 
two systems may be expressed as 8 dB in favour of the N.T.S.C. 
system; earlier, the authors give the figure of 9dB. A cal- 
culation of the noise on the R-Y and B-Y circuits in the Secam 
system transmitting a saturated red picture and using amplitude 
modulation shows that R-Y is 14dB, and B-Y 11 dB, noisier 
than on the N.T.S.C. system. We must hope for a considerable 
improvement from the Secam system using frequency-modulated 
chrominance. 

With regard to vestigial-sideband distortion with amplitude 
modulation, the Secam system uses a sub-carrier which is 
situated in the main sideband and there is distortion due to the 
relative increase of carrier strength, just as there is with the 
N.T.S.C. system. If the authors’ system had been working on 
positive modulation, the rise in Iuminance due to the presence 
of the chrominance signal would have been a mere 8 %, which is 
quite negligible, and the change in hue would have been much 
less. 

I agree that a filter in the monochrome receiver is a good thing 
if you do not like dots. It is a bad thing if you like panchro- 
matism or orthochromatism. 

Mr. L. C. Jesty: With the N.T.S.C. system the synchronous 
sub-carrier disappears on white and the positive and negative 
values of the colour signals are determined by sub-carrier phase. 
With the authors’ system and the two-sub-carrier system* zero 
sub-carrier corresponds to arbitrarily chosen saturated colours 
(cyan and yellow in Fig. 9). Crosstalk and dot patterns are 
therefore more obtrusive. Would it not be possible, however, 
to use single-sideband modulation of a sub-carrier at the top 
of the luminance spectrum—4-7 Me/s or higher with an 8 Mc/s 
channel—thus making crosstalk negligible? 

In 1954 we collaborated with the B.B.C. Designs Department 
in sending colour television signals over the television links in 
this country. Both N.T.S.C. type and a two-sub-carrier system 
were used. Serious phase errors were introduced by the links 


* HAANTIES, J., and TEER, K.: 


‘Compatible Colour Television’, Wireless Engineer, 
1956, 33, pp. 3 and 39. 4 
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at that time, but with the synchronous sub-carrier system 
was always possible to adjust to an ‘average phase’ at tl) 
receiving end and obtain a tolerable colour picture. Whiti 
and greys were, of course, always correct. With the two-sul 
carrier system, although unaffected by the phase errors, tl 
amplitude control of the chrominance signals was extreme] 
critical, and it was very difficult to maintain the ‘colour q 
whites’ and the overall tint of the picture. In other word 
simple amplitude modulation of chrominance has no built- 
sense of whiteness. 

A small but interesting point is the authors’ use of a “burs|_ 
on alternate lines. Does this introduce any inter-line flicker 
stroboscopic effects on receivers with slow line fly-back ? 

At present and for some time past the real problem of coloy 
television is to provide an acceptable receiver. Unfortunatel} 
the authors’ proposed transmission system involves an expensiy 
delay line in every individual colour receiver. Although t 
factory price of this component has been reduced from £4 
(1957) to £6, it will have to be reduced very much more ft) 
become unimportant. 

Mr. G. D. Monteath: Since chrominance information 7 
alternate lines is discarded, one might expect a greater tenden 
to form moiré patterns when horizontal stripes appear in tH 
scene: In a 625-line monochrome system coarse moiré patte: 
are formed when the scene contains horizontal stripes separate} 
by about 1/300 of the picture height. These stripes alternate i 
phase at 25c/s. In the Secam system, coarse moiré patterr 
(coloured) could be formed when stripes in the scene are separate} 
by 1/150 of the picture height. These patterns should be we 
marked, since the camera should resolve 150 lines very wel] 
The method of avoiding interference between chrominance an} 
luminance described in the Appendix should cause the coloure 
patterns to oscillate up and down at 64c/s. Have the authoi 
observed such an effect? 

The effect could be reduced by using delay lines in the studi 
to combine the chrominance information obtained from pairs | 
adjacent scanning lines. One scanning line of luminance dela! 
would then be desirable to improve the registration of luminanc| 
and chrominance. 

Dr. Maurice has calculated that the chrominance channd 
should be 11-14dB noisier in the Secam system than in thi 
N.T.S.C. system. Now chrominance noise in the Secam syste 
will be correlated in pairs of lines, and this effect might b} 
expected to emphasize its visibility by (at a guess) 2dB. i 
would make the Secam system subjectively noisier (in relation ti 
chrominance) than the N.T.S.C. system by 13-16dB. 

Mr. P. S. Carnt: In Fig. 4, when a monochrome signal i 
being received V, and V, are apparently biased off and the twi 
signals from the detectors D, and Dg will be zero. If white i 
being transmitted during a colour signal, these two detecto: 
outputs are not zero. Thus the result will be a green mono 
chrome picture. I cannot help wondering whether this i 
intentional. 

Mr. T. Kilvington: Section 5.3 indicates that the threshold o 
noise visibility for the colour picture is about 10dB below tha’ 
for a black-and-white picture. This refers to uniform noise 
One of the points which the authors have made is that the 
Henri de France colour signal is easier to transmit over lon; 
distances; but frequency modulation is used in all long-distance 
radio links, so that the noise is not of a uniform character but i: 
‘triangular’, with a rising spectrum. Have the authors any 
information concerning the susceptibility of their system tc 
noise of a triangular character? 

Table 1 indicates that the level of interference on the occurrence 
of patterns for an interfering signal at the carrier frequency f, 
is —38dB relative to the wanted carrier. The figure reportet 
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by the C.C.I.R. for an interfering signal at the carrier frequency 
is —45 dB, and this refers, not to the threshold, but to a level of 
interference which is regarded as tolerable for a small pro- 
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portion of the time. I am a little puzzled as to the basis for 
the figure of —38dB, and wonder whether the authors can 
explain it. 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Messrs. R. Chaste and P. Cassagne (in reply): Among the 
different points outlined in the discussion, that of the loss of 
vertical resolution and misregistration inherent in the Secam 
system appears frequently in the remarks (Messrs. Cooper, 
Parker-Smith and Maurice) with that of the moiré patterns (Mr. 
Monteath). The experience with a large number of pictures does 
not show objectionable defects. If a ratio of luminance to 
chrominance bandwiths of three is considered suitable for the 
‘correct reproduction of pictures, the rise time of corresponding 
signals being in the inverse ratio, it may be shown that in the 
horizontal direction there is a misregistration of luminance and 
chrominance of at least one luminance picture element. In the 
Secam system the same colour signal is displayed on the lines n 
and n + 2, i.e. approximately on line n +1, instead of its true 
position, line x. The misregistration is about the same. 

Another important point, mentioned by Méessrs. Parker- 
Smith, Jesty and Carnt, concerns the performance in the case of 
black-and-white pictures or eventual failure of chrominance 
signal. With amplitude modulation it was necessary, in order 
to follow conveniently the ‘constant luminance’ principle, to 
provide compensation of the d.c. component of the mean sub- 
carrier (not drawn in Fig. 4 of the paper) given by the d.c. 
component or the peak value of the burst. This has been realized 
without any supplementary valve in some receivers and operates 


correctly. Chrominance gain, level balance and white balance 
then act as in the N.T.S.C. system. However, this is unnecessary 
with frequency modulation, because, for the central frequency 
of the sub-carrier transmitted for the white, as in the absence of 
sub-carrier, the output of the discriminator is zero. 

Messrs. Jesty and Townsend query the price of the delay line. 
The figure of £6 given in the paper can be considered as a retail 
price because it is that which could be obtained with a production 
of only 500 per month. It could be reduced by mass production 
and so would become cheaper than the six valves and the 
associated circuits of the N.T.S.C. receiver compared by Mr. 
Townsend. 

The figures in Table 1 must not be taken as absolute values, 
but are given as relative thresholds for the visibility of inter- 
ferences at different frequencies in the video spectrum for the 
amplitude-modulation case. In the frequency-modulation case 
the increase in protection is about 10dB. We can give Mr. 
Kilvington no results for triangular noise. 

In Section 8.2 it was not proposed to relate the field and mains 
frequencies, but only to reduce the difference between the two. 
This is possible by modifying the field and sub-carrier fre- 
quencies, which are always interrelated, and keeping the line 
frequency within the limits given for suitable registration of the 
delayed signal. 


DISCUSSION ON 


‘THE APPLICATION OF TRANSISTORS TO LINE-COMMUNICATION 
EQUIPMENT’* 


’ NORTH STAFFORDSHIRE SUB-CENTRE AT STONE, 22ND APRIL, 1960 


Mr. K. A. MacKenzie: Reference has been made to the 
Teliability and extremely long life of transistors. Modern 
practice is to employ printed-circuit techniques and package 
‘construction and to break down the circuit into a number of 
similar units which plug into the main assembly; the philosophy 
behind this is that, if a failure occurs, the faulty unit or package 
‘can be quickly located and replaced. This certainly simplifies 
‘maintenance and reduces the time any equipment is out of action, 
and to a certain extent it also permits first-line maintenance to 
be carried out by semi-skilled staff. Since the life expectancy of 
transistors and associated components when operated with 
Teasonable design tolerances on all parameters is measured in 
terms of decades, is it correct to introduce possible unreliability 
in the form of plug-and-socket connections and additional 
‘terminations which may in themselves cause more failures? The 
justifications would appear to be rapid replacement if a fault 
does occur, provided that this is not on a socket or termination 
thereto, and economy of manufacture arising from standardized 
Packages and assemblies. Will the authors comment on this? 
_ Messrs, H. T. Prior, D. J. R. Chapman and A. A. M. White- 
head (in reply): Plug-and-socket connections can be made much 


_* Prior, H. T., CHAPMAN, D. J. R., and WarTeHEaD, A. A. M.: Paper No. 2722 R, 
ber, 1958 (see 106 B, p. 279). 


more reliable than components such as resistors and capacitors, 
provided that cost, size and contact pressure are not important 
limiting factors. Where the total insertion or withdrawal force 
is great enough (and high contact pressure greatly assists 
reliability), extra cost and bulk may be added by insertion or 
withdrawal mechanisms or contact-locking mechanisms. Thus 
it is reasonable to provide high-reliability plugs and sockets 
where their size and cost are not too great compared with those 
of the units which they serve. The high life-expectancy of 
modern components is of great assistance in this respect, since 
it makes practicable the inclusion of hundreds of components 
in one plug-in assembly. 

Units of this order of size are sometimes much larger than 
the basic packages from which the circuit can be constructed. 
This is particularly marked in digital equipment, where the 
basic packages might contain 10-100 components. Such 
packages may be plugged in or connected by soldered joints or 
solderless wrapped joints. The choice between these methods 
depends largely on equipment construction and maintenance 
techniques. We consider that soldered or wrapped joints are 
preferable, excepting where simple first-line maintenance is of 
overriding importance or where it is excessively difficult to make 
the connections accessible. 
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A NEW Hy-TO-Hx2 MODE TRANSDUCER 
By C. C. EAGLESFIELD, M.A., Associate Member, Y. KLINGER, Ph.D., and L. SOLYMAR. 


(The paper was first received 24th October, 1959, in revised form 21st March, and in final form 3rd June, 1960.) 


SUMMARY 


Using a general method of mode-transducer design previously 
described, a simple Hyo-to-H29 mode transducer was constructed. 
The reflection coefficient is calculated, and it is shown that for a 
transducer a few wavelengths in length the reflections are insignificant. 
The power transferred to the spurious modes was measured by the 
resonance method on two experimental models, 2 and 8 guide- 
wavelengths long. The longer transducer transforms 92% of the 
power into the required mode. The power in unwanted modes can 
be greatly reduced by the use of a simple absorptive mode filter. 


(1) INTRODUCTION 


The interest in mode transducers has been revived recently 
owing to new developments in microwave techniques.! The 
launching of the Hp; mode in an overmoded circular waveguide 
is one of the topics of current interest. 

The Ho; mode of a circular waveguide can be excited from the 
Hj) mode of a rectangular waveguide in two distinct steps:! 
first via a transducer to the Hz) mode of a rectangular waveguide, 
then via a second transducer to the Hp; mode of the circular 
waveguide. In the present paper a transducer of the first type 
is described. This is one of the simplest conceivable mode 
transducers: it can be easily designed with the aid of Reference 2, 
it can be easily constructed, and the simple geometry of its 
cross-section permits also some analytical calculations. 

As shown in Reference 2, if a transducer is sufficiently long, 
any purity requirements can be satisfied. Since there are 
practical limitations to the length of an actual transducer, the 
power in the spurious modes generated by a short transducer 
needs to be studied. 

The design method is briefly outlined in Section 2, whilst the 
calculation of the reflection coefficient can be found in Section 3. 
The power transferred to spurious modes was measured on two 
experimental models by the resonance method,> which is 
explained in Section 4. A way of eliminating the spurious 
modes is given in Section 5. 


(2) OUTLINE OF THE DESIGN METHOD 


The general design of mode transducers? is carried out with 
the aid of a suitably chosen eigenfunction which gradually varies 
between the eigenfunctions of the modes in’ the waveguides to 
be connected. 

In the present case the eigenfunctions of the H,) mode in 
waveguide A and the H59 mode in waveguide B (Fig. 1) are 
identical. Thus the obvious choice for the eigenfunction of the 
transducer is 


TX 
= Coos— . Pier iia at clk ea 


The cross-section of the transducer has to be designed in such 
a way that the boundary condition dis/dn = 0 is satisfied at each 
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Fig. 1.—Mode transducer transforming the Hz» mode of waveguide B} 
into the Hip mode of waveguide A. 


cross-section. This requirement is met in the transducer sho 
in Fig. 1, where at the point z = 0, half the broad face is made} 
to taper down to meet the opposite wall in a sharp wedge, at\) 
the point z= L. The other half is left undisturbed and con-} 
tinues as waveguide A. he 
For simplicity, the variation of the height of the tapered), 
section is chosen to be linear, but it must be borne in mind thatl|” 
an optimum choice of this curve might result in a considerable! 
reduction in the amount of power in the spurious modes. 


(3) CALCULATION OF THE REFLECTION COEFFICIENT i 


The amplitudes of the spurious modes can be calculated in) 
principle with the aid of the formulae in Reference 4. However, | 
as the eigenfunctions of the spurious modes are not known! 
analytically and the numerical solution would require consider-} 
able work, there are no means at the moment of predicting 
theoretically the performance of this mode transducer. 

The reflections, admittedly, are of much smaller importance, | 
but since in the present case they are calculable it seems worth 
while to include the results. i. 

The reflection coefficient in a general non-uniform waveguide is) 
given by* Pe 


If Zz | 
: 1 d (log. K) 5 

Rus | a | sag Oma (= [ Qi 

F [s 5 Fi exp j2 Ran dz (2) 

where 8 = Phase-change coefficient. 

K = Wave impedance. 

S~ = Backward coupling coefficient, which for an H-wave 

can be expressed as follows: 


| 


so — 4g tan d(e) bated: pe ) 


where C(z) = The boundary. 
ds = An element of the boundary. 
@ = Angle between normal to C(z) and normal to 
transducer. 
ys = The eigenfunction at a certain cross-section which 
satisfies the normalization condition 


f|VbPas 21°.) 


| In the present case both the wave impedance and the propaga- 
\\tion coefficient are constant, which greatly simplifies the expres- 
sion for the reflection coefficient. The value of C in eqn. (1) 
‘can be calculated from eqn. (4), while tan 0 is given by b’(z), 
'\the height of the tapered section. Substituting these into eqn. (2) 
Jand performing the mathematical operations, 


LF b(2 
» 50) + 5G) 


Assuming the linear variation in b(z) and integrating, we get 
\\for the absolute value of the reflection coefficient 


AR = H[CI4BL) — Ci2BL)/? + [Si4BL) — SiIPBHL}? © 


R=4 exp(—j2Bz)dz. . . (5) 


where Ci(t) = — ‘a ee ~ ax re ee rg erei((7) 
ees 

/ and Si@) = i a * dx me es (8) 

bee 


If BL is large enough, as it would be in practical applications, 
he asymptotic forms of the Si and Ci functions can be used,> 
| leading to the simple result 


1 
Be gar tomer) Pe. 9) 


The maximum value of the reflection coefficient is 


A 


Renee” (10) 


| which is sufficiently low for any practical purpose. 


(4) MEASUREMENT OF THE SPURIOUS MODES 


_ The transducer described produces spurious modes in wave- 
| guide B. The spurious modes capable of propagation in this 
| waveguide are restricted to the H,) mode at low frequencies; 
at higher frequencies the H3) mode can also propagate. 

The amount of power in the spurious modes generated in 
| waveguide B was measured on two experimental models. Their 
| lengths were chosen to be 2 and 8 guide wavelengths respectively. 
The first transducer was deliberately made very short to enable 
“us to study the case where the theoretical predictions are less 
valid. The 8A, transducer was expected to give reasonably low 
| ‘mode conversion. 

__ The spurious modes were measured at a wavelength of approxi- 
' mately 9mm, where the main mode propagating in the double 
| guide was the required H, and the only possible spurious mode 
‘was the Hjg mode. The Hz, mode was beyond cut-off and 
‘could not propagate. 

| The measurements were made by the resonance method. A 
‘good short-circuit introduced in the double guide could be 
Positioned accurately by means of a micrometer. When the 
|V.S.w.r. iS measured in the single guide as a function of the 
\position of this short-circuit, it is found that at regular intervals 
‘absorption lines, or resonances, appear. These are due to the 
‘spurious mode resonating between the transducer and the short- 
‘circuit when the latter is an appropriate distance away. The 
‘resonances are approximately half a guide-wavelength apart 
(Spurious mode), but not exactly. The magnitude of the reflec- 
tion coefficient varies from one resonance to another in a regular 
Manner. This can be understood easily with the help of Fig. 2, 
where the transducer is shown as coupling energy to the main 
mode and the suprious mode in series with each other. Clearly 
the spurious-mode line will resonate every time / is a multiple 
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SHORT-CIRCUIT 
COMMON TO 


ineuT BOTH MODES 


I spurious MODE 


[ee See 
TRANSDUCER 
Fig. 2.—Schematic representation of the main mode and the spurious 
mode in the short-circuited section. 
of Iv extracting energy from the system and giving rise to 


resonance absorption at the input. 

However, the impedance that the main mode presents at the 
junction also depends on the position of the piston, and whenever 
the main-mode line presents an open-circuit at the junction the 
reflection coefficient is unity. Thus, when a spurious-mode 
resonance is at or near coincidence with a main-mode open- 
circuit, the appropriate resonance will be missing, or at any rate 
very small. 

These coincidences or near coincidences will occur once every 
half beat-wavelength. Thus at regular intervals of half a beat 
wavelength the resonances are very small or altogether missing. 
In between these points, the magnitude of the reflection coefficient 
at resonance varies from one to another; the envelope is shown 
in Fig. 3. Curves (a), (6) and (c) correspond to the low, critical 


ENVELOPE 


PISTON DISPLACEMENT 


Fig. 3.—Envelope of the minima of the reflection coefficients as a 
function of piston movement. 
(a) Low coupling. 
(6) Critical coupling. 
(c) High coupling. 


and overcoupled cases, respectively, according as the ratio of 
loss to coupling into the spurious mode is larger than, equal to, 
or smaller than unity. 

If the coupling is very much larger than the loss, resonances 
are not always obtained, but the presence of the spurious mode 
is revealed by a rapid change in phase of the reflection coefficient 
as the piston is moved through the resonance position. 

In this case, by introducing sufficient loss into the system by a 
resistive card mounted on the piston, the resonances are obtained 
again, and their envelope corresponds to one of the curves shown 
in Fig. 3. 

The resonance found equidistant from two ‘missing’ ones half 
a beat wavelength apart is measured accurately. From its shape 
it is possible to calculate the fraction of power coupled into the 
spurious mode. This fraction is given by? 


1 — |T|? 


2 uae 


P — xl =a Lae 
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Fig. 4.—Relation between v.s.w.r. and piston movement for 2Ag transducer. 


where |I'|? = Fraction of power in spurious mode. 
|T"| nin = Magnitude of reflection coefficient at resonance. 
|I\)| = Magnitude of reflection coefficient when the 
piston is a distance / from the resonance 
position. 
A, = Guide wavelength of spurious mode. 


The sign in the first pair of brackets depends on the ratio of 
loss to coupling as shown in Fig. 3. For case (qa) the sign is 
negative; for case (c), positive; in case (b), I’,,,;, is zero. 

Fig. 4 illustrates the results of measurements on the 2A, trans- 
ducer at) =9-75mm. Here the v.s.w.r. is shown as a function 
of piston position. In this case, the coupling was very much 
larger than the loss and it was necessary to introduce a resistive 
card on the front face of the piston. The curve illustrated was 
obtained in this way. 

It can be seen that the general pattern of the resonances 
corresponds to the over-coupled case [curve (c) of Fig. 3]. The 
resonances are small or missing near piston positions 7, 30 and 
53mm. The resonances corresponding to eqn. (11) are found 
at about 17 and 43mm. 

To test the accuracy of the measurement, the resonance at 
43mm was analysed in detail and the coupling coefficient was 
calculated from the width of the resonance curve at different 
values of the v.s.w.r. The results are given in Table 1. 


Table 1 


ID|? 


% power 


272) 
26°9 
27:0 
27°6 
30:0 
32-0 


0: 
0: 
0- 
0: 
0- 
0: 
0: 


NwWwhhunm 
MOnonoFf 


A = 9-75mm Ag = 13-4mm 
Size of waveguide A, 0-280 x 0-140in. 


The calculated value of the coupling is reasonably constan 
until the lower part of the resonance curve is approached, when’ 
the approximations used in deriving eqn. (11) no longer apply.: 


(5) ELIMINATION OF THE SPURIOUS MODES 


The power in the spurious modes, as can be seen from Table 1, 
is about 27%. Although this is excessive for any practical use, 
the basic design considerations still seem to be valid. Even a 
transducer of this extremely short length shows a considerable 
discrimination in favour of the Hy») mode. For the 8A, trans- 
ducer the power in the spurious mode was found to be 8%. 

The permitted amount of spurious mode is generally much 
less. However, in the present case we can get rid of it by the 
use of a simple mode filter. When an absorbing vane was put in 
the middle of waveguide B, no resonances were found, which 
suggests that the remaining impurity is less than about 0:3 %. 
Thus the device is producing a practically pure Hj) mode for 
the price of 8% loss of power. This is insignificant in a practic 
case, as most other devices show larger insertion loss. Further- 
more, if for any reason the insertion loss must be kept low, 
the power in spurious modes could be reduced to a low value 
by making the transducer longer. 
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| NON-REFLECTING WAVEGUIDE TAPERS 
| By Professor H. E. M. BARLOW, B.Sc.(Eng.), Ph.D., M.I.Mech.E., Member. 


(The paper was first received 11th April, and in revised form 8th June, 1960.) 


SUMMARY 


Much work has already been done towards establishing techniques 
for tapering the cross-section of waveguides without introducing 
significant reflections when waves are propagated along them. In the 

_ present paper the problem is approached from the aspect of maintain- 
ing a completely undisturbed field pattern outside the guide whatever 
its cross-section, so that the wave impedance remains constant. 
| Examples are given illustrating how this result may, in principle, be 
| achieved both for the hollow metal guides of rectangular and circular 
_ cross-section and for single-wire transmission lines. On the basis 
_ proposed it is shown that the surface impedance of the guide must 
_ always have a resistive component which has nothing to do with losses 
| but is dependent solely upon the angle of the taper and represents 
i energy crossing the interface from the field on one side to the field on 


the other. 


(1) INTRODUCTION 


; When an electromagnetic wave is propagated along a boundary 
| between two different media there is always a part of the field 
on each side of the interface and its distribution characterizes the 
wave mode or modes concerned. Both media store, and in 
| general also dissipate, some of the energy of the wave. If the 
_ loss in one medium is high compared with that of the other, the 
' mechanism for the support of the wave demands a flow of 
' energy across the interface, giving rise to a resistive component 
_ of the surface impedance which will be positive or negative 
» according to whether the net transfer of energy is respectively 
' into or out of the surface. Moreover, for any given field distribu- 
tion outside the surface there must be a corresponding reactive, 
| as well as resistive, component to the surface impedance. Thus, 
focusing attention on a particular wave mode in a homogeneous 
| medium, it is in principle always possible to erect a boundary 
‘surface at any point within the field without disturbing the wave, 
_ provided only that the surface is given the appropriate impedance. 

More or less of the field constituting the wave mode can thereby 
|be completed within the surface, and this may be done without 
|altering in any way the distribution of the field remaining out- 
| side the surface. The precise form taken by the field within the 
‘surface is immaterial and in most cases it will have a modified 
‘distribution; but so long as the conditions of continuity at the 
‘interface are satisfied, there will be no disturbance outside the 
‘surface. In general, therefore, a change in the position of the 
wall of a waveguide can be made if accompanied by an appro- 
‘priate change of surface impedance. The proposition is a 
perfectly general one applying to all guided-wave modes which 
‘can exist separately when the wall of the guide has a finite 
impedance.! It is well known, for example, that the rate of decay 
of the field outside a single-wire transmission line supporting an 
axial cylindrical surface wave depends upon the radius of the 
guide and its surface reactance.* The larger this reactance and 
the smaller the size of the guide, the more rapidly does the field 
outside it die away, and one might therefore expect that a 
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constant decay factor could be achieved by suitably adjusting the 
surface reactance for different radii, thus enabling the wave to 
propagate along a tapered guide without disturbance. More- 
over, the counterpart of this arrangement, represented by the 
hollow tube supporting a waveguide mode within it, should 
clearly be susceptible to the same kind of treatment. 

In a recent paper? the author called attention to methods of 
shifting the cut-off frequency of various tubular waveguide 
modes by appropriate changes of surface impedance. This 
technique can be interpreted as one which provides for more or 
less of the field of the wave to be accommodated inside the wall 
of the guide, which in turn can therefore be thought of as a 
cylindrical surface placed coaxially with the wave and having a 
surface impedance corresponding to that required for undisturbed 
support of the field within it. Precisely the same kind of inter- 
pretation is applicable to the surface wave, except that the whole 
arrangement is then turned inside out. 

It seems therefore reasonable to expect that waveguide tapers 
for a wide variety of applications can be designed on the basis 
of an appropriate change of surface impedance accompanying 
the change of cross-sectional dimensions of the guide, so that no 
significant discontinuity arises in the wave impedance. Waves 
having circular symmetry are obviously particularly suited to 
this kind of treatment, but modes supported by rectangular 
guides can also be dealt with in much the same way. 

The paper discusses a number of examples which appear in 
principle to meet the requirements, special attention being given 
to the axial cylindrical surface wave, the Hp, and Ep; modes in a 
circular guide and the Hp; mode in a rectangular guide. 

Since there is always a part of the field on each side of the 
supporting surface, so also is the total energy of the wave 
similarly distributed. For a lossless guide of uniform cross- 
section the energy in the field on each side of the interface 
remains constant. On the other hand, a tapered supporting 
surface arranged so as not to disturb the field pattern outside it 
requires a transfer of energy across the boundary as the wave 
progresses, in accordance with the change in the field accom- 
modated on each side of the boundary, and this is necessary 
irrespective of any losses in the associated media. Thus, for the 
tapered guide there must always be a resistive component to the 
surface impedance. This quantity is dependent on the angle of 
the taper and is inherent in the mechanism envisaged. Such a 
surface resistance does not imply an energy loss but merely a 
movement of energy across the interface from one part of the 
field to another. In designing a tapered guide capable of sup- 
porting a given wave mode in accordance with the principles 
discussed, it is essential to make suitable provision for the 
reactive component of the required surface impedance; but 
when this has been accomplished, the corresponding resistive 
component, as a feature of the taper alone, should take care of 
itself. In general there will, of course, be a small supplementary 
surface resistance arising from the losses in the surrounding 
media, and due allowance should be made for this in matching 
the fields at the interface. In all cases the taper can apparently 
take any form desired, provided that the boundary conditions 
essential to the undisturbed support of the required wave mode 
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are maintained, but for simplicity in the examples given a linear 
taper of small angle has been considered. 

It should be emphasized that the practicability of these 
proposals has not yet been checked. Towards that end a pro- 
gramme of experimental work coupled with more detailed 
analysis is being undertaken. 


(2) TAPERED CYLINDRICAL GUIDES FOR SURFACE 
WAVES 
In terms of cylindrical co-ordinates, as shown in Fig. 1, an 
axial surface wave travelling in the +x direction has field com- 
ponents in medium 1 (supposed to be air) outside the guide 
given by 


EB, = Cie PHP (A,r) 1 5 r fe A (1) 
He, = CHP) fh). Oca 8 Hy 
1 
Eye Crp e MHP) rd 38 nthe paiplhalelegy 
where Le — eee Re ce oe wee 
Kk? == Ww L€o . . . : . . (5) 
VEG A By mo Whole tind oe a CURR URECOD 
uy => ay — jb; 3 7 4 6 5 * (7) 


and the usual sinusoidal time variation represented by ¢/®! is 
assumed. 


r MEDIUM 2: 
MEDIUM 1:(AIR) (POLYTHENE) MEDIUM 1:(AIR) 
Fofo Fo€e Fofo 


MEDIUM 3 
(COPPER) 


(6) 


Fig. 1—Tapered waveguides for axial cylindrical surface wave. 


(a) Dielectric-coated guide. 
(6) Corrugated guide. 


If the supporting surface of radius s is tapered, as defined by 
the angle, 7, it makes with the axis of the guide, 


ds 


and to avoid any disturbance of the wave outside the surface we 
must ensure continuity of the tangential components of the 
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electric and magnetic fields across the boundary. Thus atr = 
we require to match the tangential electric field 


E, = E, cos + E,, sinn . 


and the tangential magnetic field, Hg,, with the correspondin} 
field components in medium 2. | 
For a loss-free guide the required conditions can be met 
progressively increasing the surface reactance as the radius | 
increased, and this may in principle be carried out with the hel] 
of either a dielectric-coated or a corrugated conductor acting q 
the supporting structure. In the first case [Fig. 1(a)] the thicl 
ness of the dielectric coating must increase with s, and in th 
second [Fig. 1(b)] the depth of the transverse corrugations muj 
change in‘a similar way. The surface impedance of the tapere 
guide with regard to the surface wave whose field componen} 
are given by equations (1), (2), (3) and (9) is 


Ey __ hycosn He?(Ays) 
Ao, j,=5 fweg HYP) 


For negligible losses in the surface, eqn. (6) reduces to y = j | 
and using eqns. (4), (5) and (7) we find 


ur = B — Ww? Uo€o . . . . . (1) 


This is a ‘slow’ wave with 8? > w*9€, so that u; = a, is pure} 


theta a 


Z,=R,+jxX, = | ae 


ponents of Z, given by eqn. (10), i.e. 
IRA Psinn MU (1) 
WEQ 


__ a, cos n Hg?(jays) _ ay cos n Ko(ays) 
joey HYPGa;s) K,(a15) 


X; (1: . 
WEQ 
Thus, although we have assumed no losses, there is a surfa 
resistance R,, providing for the power crossing the interface, as} 
result of the taper, from the storage field on one side to th 
storage field on the other. If, as shown in Fig. 1, the radius ¢ 
the guide is increasing as the wave progresses from left to rig 
then 7 = ds/dx is positive and power flows into the surface wil 
R, positive. On the other hand, for a wave in the opposi 
direction supported by this guide, 7 is negative and so cons| 
quently is R,. For small angles 7 we have cosy ~ 1 an 
therefore the surface reactance X, from eqn. (13) becom¢ 
practically the same as that required by a purely cylindric: 
guide of the same radius. With this in mind we can now procee 
to determine the conditions appropriate to a dielectric-coate 
metal guide with a small taper. ‘| 


(2.1) Dielectric-Coated Metal Guide 


For the purpose of calculating the surface reactance of . 
dielectric-coated metal guide having negligible losses and on) 
a small angle of taper, we shall consider it to be of pure! 


cylindrical form. Actually we must have slightly different tape 


on the inside and the outside of the dielectric coating, sing 

t =(s — s,) changes a little along the length of the guidi 

although the effect of the angle of the taper as distinct fro 

variations in the thickness of the dielectric is relatively very smal 
Thus for medium 2 in Fig. 1(a) we can write 


Ey. = Che-P3 ghar) + Che~P*Y (yr). (i 


Hee Cie 185 (hr) + COSY (Int) « (1 
2 2 


1 ome Cyt Silla) af Cape OY lar) Baer 6 
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here b= — wh = 7? + KZ (17) 
K3 = @ 2 U9 €2 ° (18) 
| am Uy = a, — jbo. (19) 
ad for medium 3 we have 
. Ey3 = Cye~ VI g(hyr) (20) 
’ = C3 Be PT (hyr) eee Ply 
| 3 
H 
hl eee 
7" E,, = C4 hy YJ (37) (22) 
| 
_ here hy = — uk = y*? + K? (23) 
t5 > We3, SO that 
| K3 = — jwpors (24) 
} 3 Gg jb3 2 (25) 


i! 
| To meet the requirements we must therefore have at the outside 
sipece of the dielectric 


co 
4 a ‘ Jo(hos) + GY o(las) 
| sis a ae eat ta 

rid dato ce¥ ihe s) 


(26) 


1 Btce matching the tangential components of E and H at the 
terface where r = s, and remembering that since |A35,| > 1 we 
jin put 


| Jo(h3s1) 7 
| Ji (4351) ae 
i “2 

M Cc” a, i 14981) — Jo(hg5;) 

Ve then find —2 = (28) 
iH C, weal, 


Yo(4251) — 5, Y (4951) 
tom eqns. (26) and (28) we can therefore calculate the value 
| X, for any given thickness of dielectric coating over a metal 
id of specified diameter. Subject only to the limitation that 
\€ angle 7 must be small, we can then proceed to match the 
ulue of X, derived in this way to the corresponding value given 
y eqn. (13), which is necessary for the support of the surface 
“ave, 

As an example of saa a calculation we will take the case of a 
lythene-coated copper conductor of circular cross-section 
\(pporting an axial cylindrical surface wave in air at a frequency 
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i . Table 1 
Dielectric-coated guide Corrugated 
guide 
asics of Surface fe Psat ‘ 
guide, reactance, Xs Radi f ckness 0 
conductor, sy | ereetic | Depth of 
cm ohms cm cm cm 
0-0152 535 0-007 6 0-007 6 — 
0-053 13-4 0-028 0-0254 “= 
| 0-077 18-7 00-0414 0-0356 — 


0-308 
0-77 
1-54 
4-62 
9-24 


VoL. 107, Part B. 


0-218 
0-625 
A- 355 
4-382 
8-99 


0-09 
0-145 
0-185 
0-238 
0:25 
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of 10!°c/s. We will suppose that we require to maintain a 
constant decay coefficient a; = 65m! for the field outside the 
guide, that the angle of the taper has a constant value of 7 = 1°, 
that the relative permittivity of the dielectric coating, «,, is 2:2 
and that the conductivity of the copper, o3, is 6 x 10’ mhos/m. 

Starting with a 38s.w.g. copper wire coated with polythene 
3 mils thick, making the overall radius of the guide 0-:0152cm 
and tapering this up to 9:24cm over a length of 5:28 m, we find, 
neglecting losses, a constant R, = 6:9 ohms with values of X, 
and t = (s — s,) as shown in Table 1. 

It is interesting to observe that, when s = ©, corresponding 
to a flat surface, we require for the same field decay aQyi= 65ms 
the value X, = 117 ohms, which is obtained with t = 0:272cm. 

The manner in which X, is required to change with guide 
radius is shown in Fig. 2. 
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Fig. 2.—Surface waveguide for f = 1019c/s, a, = 65m-1! and y = 1°. 


(a) Surface reactance, Xs. 
(6) Thickness, t, of dielectric. 
, (c) Slot depth, /. 


(2.2) Corrugated Metal Guide 


In a corrugated metal guide transverse corrugations, each 
supporting a radial TEM wave, are appropriate in so far as they 
provide for the required surface reactance. There is, however, 
another important consideration which must not be overlooked. 
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Since power is progressively transferred across the supporting 
surface as the wave travels forward, there must be a flow of 
energy along the interface and through the medium on each side 
of it. There is no difficulty here with the dielectric-coated 
smooth metal surface, considered in Section 2.1, but when 
separate transverse slots are introduced, the manner in which 
provision is made for the essential coupling between them is not 
at once obvious. It is suggested that the coupling mechanism 
rests upon the fact that the effective supporting surface for the 
wave is some little distance from the mouth of the slots and 
that energy passes from one slot to the next in the intermediate 
region. The TEM waves in the slots cannot themselves match 
up to the surface wave, and there must be a transition field 
which includes a travelling wave just outside the openings to the 
slots. This view of the situation is apparently also applicable, 
although in a more limited way, to the well-known purely 
cylindrical guide with transverse corrugations. Deliberate 
coupling holes might be provided between adjacent slots when 
large angles of taper are involved. 

If the circumferential slots of width w and pitch W have a 
depth / which is small compared with the radius, s, of the guide 
[Fig. 1(6)], the surface reactance is given by 


_w ts 2nl 
WY © tan x 


With w/W = 4, calculations have been made for the guide sizes 
considered in Section 2.1 and under conditions for which eqn. (29) 
is sufficiently accurate. These results are given in Table 1 and 
in Fig. 2. 


(29) 
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and neglecting losses 
K? — Ww Lo€g . . . . . . ( 
= j—. . ss 


The magnetic field ance to the surface of the tapered gu 
atr = sis 
H, = H, cosy + H,siny . . = 


giving the surface impedance 


ZR gk = (| oe Shit ( 
H, r=s hco Joh 5) + 7p sin 
beaae i 7715 (hs) 7 

weP 

or Pin — i paeogye . . . . . ( 
: a, at Ong | 
and Be = P+ Oo? * ne ( 

Jo(hs) 

where OQ =hcos i,(hs) ( 
and P= sing . . 


suppose f = 3-5 x 10!°c/s, 7 = 1° and choose a tube such t 
Z,=0 at s=1-5cm, implying that under these conditi 
J,(4s) = 0, (hs) = 3-831, so that h = 3-831/0-015 = 255 
B = 686. To preserve the wave pattern within the tape 
guide we must keep h = 255 as a constant. 


As an example of the requirements to be met in a particular ‘ 


N PARALLEL-SIDED SLOTS 


OF PROGRESSIVELY CHANGING 
DEPTH 1 ALONG THE LENGTH 
OF THE GUIDE 


Fig. 3.—Tapered waveguide for circular Ho; mode. 


(3) TAPERED GUIDES FOR CYLINDRICAL WAVEGUIDE 
MODES 


(3.1) Hp, Wave Mode 


In Fig. 3 the field components of the Hy, mode supported 
inside a hollow guide of circular cross-section and propagated 
in the +. direction are given by 


H, = Ce-**Jq(hr) (30) 
eather A 
H, = Cre n J, (Ar) ° (31) 
peers mee YJ, (hr) (32) 
where ht a 9 4 KG (33) 


Calculating from eqns. (38) and (39) the required resistive a 
reactive components of the surface impedance for values ° 
ranging from 1-5 to 2-75cm, we get the curves in Fig. 4. R, 
negative in this case, because power must come out of the surf 
as the wave progresses. 

To satisfy the requirements in regard to X,, the wall of t 
guide can conveniently be provided with longitudinal sh 
symmetrically disposed around the circumference, as shown 
Fig. 3. If there are N parallel-sided slots, each of width wa 
of progressively changing depth / as s varies along the length 
the guide, the average surface reactance presented to the wave 
a given cross-section is > 


Nwwp 


theory sh 


tan(4J). |. 2 See 


For a chosen distribution of slots we can match this value of 


\p the corresponding quantity calculated from eqn. (39), and 
lor small angles of taper the appropriate depth of slot / at any 
loint along the guide can thus be determined. 

| In order to provide in the example given for a suitable variation 
ff surface reactance, the slots are made about half a wavelength 
ep when s = 1-Scm and X,=0. The results of the calcula- 
on for N = 16 and w = 0-3cm are shown in Fig. 4, but it 
‘hould be borne in mind that, owing to the radial distribution 
if the field, these results tend to be only very approximate when 
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g. 4.—Tubular waveguide with longitudinal corrugations supporting 

circular Ho; mode. 


f= 3°5 X 1010c/s, A = 255 and yn = 1° 


; 
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the tube is small and the slots comparatively deep. For more 
accurate calculation in such circumstances the ratio of the circular 
functions in eqn. (42) should be replaced by the more precise 
Bessel functions. 


(3.2) Eg; Wave Mode 
For the Ey; mode (Fig. 5) the field components are 


E, = Ce~*Jo(hr) (43) 

jes Che“ 3,(hr) (44) 

Hy = CR e83,(hr) ; (45) 

where hh =? = K? (46) 
and for negligible losses 

K2 => Ww LL9€o = (47) 

i= JB < (48) 


The electric field tangential to the wall of the tapered guide is 
E, = E,.cos y + E, sin n (49) 


and _the surface impedance is 


4| _ jhoos n Sn(hs) — Bsin y - (50) 
Fens 


Z,=R, + jxX, = | 


Hp weg J, (As) Weg 
giving R, == ie sin (51) 
WE 
hos 7 Jo(hs) 
and c= aoe (52) 


J,(As) © 


WE 


If we again take a tapered tube with 7 = 1° operating at 
f =3°5 x 10!%c/s and having X, = 0 at s = 1-5cm, it follows 
that h = 160-3 with 8 = 714 and Fig. 6 gives the required R, 
and X, values at different radii. Circumferential slots of width 
w, pitch W and depth / [as used on the outside of the surface 
waveguide discussed in Section (2.2)] are apparently applicable 
here, and provided that / < s, eqn. (29) can be applied to give 
an average surface reactance matching the corresponding value 
derived from eqn. (52). Fig. 6 shows the progressive change in 
the depth of the slots required for this taper. 

The problem of coupling between the adjacent slots again 
arises here and can, it seems, be met only if the mechanism 
discussed in Section 2.2 is valid. 


N PARALLEL-SIDED SLOTS OF 
PROGRESSIVELY CHANGING DEPTH 1 


Fig. 5.—Tapered waveguide for circular Eo; mode. 
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SURFACE REACTANCE, X., OHMS 


5 2:0 2:5 3-0 3:5 
RADIUS OF GUIDE, S, CM 


DEPTH OF SLOT, 1,CM 


ie) 
1) 2-0 25 3-0 3:5 
RADIUS OF GUIDE, S, CM 


Fig. 6.—Tubular waveguide with transverse corrugations supporting 
Eo: mode. 


=o x 100 c/sik — 160°3; 7 1°, wWiW =4, R;3 = 6:43 ohms and is constant. 


(4) TAPERED GUIDE OF RECTANGULAR CROSS-SECTION 
SUPPORTING THE DOMINANT MODE 

In this case it is clear that the narrow face of the guide (E-plane) 
can present to the dominant Hp, mode a finite wall impedance 
without introducing any other modes. This is not so with the 
broad face of the guide, and consequently to apply the kind of 
taper we have been discussing the change of cross-sectional 
dimension must be in the H-plane. 

Referring to Fig. 7, in which the origin of the Cartesian 
co-ordinates is conveniently taken at the centre of one of the 


Fig. 7.—Tapered waveguide for rectangular Ho; mode. | 
(a) Narrow face longitudinally corrugated. 


broad faces of the tapered guide, we can write the field eq 
ponents as 
E, = Ce—** cos (hz) . 


He 3G Ih vx sin (hz) 
wp 
1a eC oh em cos (hz) 
jop 
where h? = y? + K? = (a/b 9)” 
and for negligible losses 
K* = w*pX9€ . 
asd 
The magnetic field tangential to the wall of the guide is 
H, = cos 7 + H, sin 7 


and the corresponding surface impedance of the narrow face 
the guide is 

: E 
Z, = R; Lx =—| 


Fy pu eb )2 


wp 
: fre 1b 
Bsin y Vi. cos 7 tan ei, 


bp being the value of b for which Z, = 0; 


wuP 
or R, = — P+ @Q 
_ wpa 

and xX, = P+o 

ah 
where Q = m/by cos y tan — 

2b 
and P= Bp sing 2 ( 


It will be observed that R, is negative for the forward-trayell 
wave with power coming out of the tapered wall of the guidd 

Taking the case of a rectangular guide tapered in the H-pla 
so that 7 = 1°, operated at f = 10!°c/s and having zero surf 
impedance when by = 2:54cm, we find R, and X, values| 
given in Fig. 8. Over a limited range of change of b the nar 
faces of the guide could be dielectric coated to satisfy the requ 
ments, or for a larger range use can be made of longitudinal s! 
(Fig. 7). If there are N slots each of width w and dept 
uniformly distributed over each narrow face of the guide, t! 


N PARALLEL-—SIDED DIELECTRIC 
SLOTS EACH OF COATING €, 


(b) Narrow face dielectric coated. 
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eglecting the small effect of the taper, these slots present an 
yerage surface reactance 


Fig 


ee di- .. 6S) 


ah 


SURFACE REACTANCE, X 5, OHMS 


1-7 1-8 1-9 2:0 2-1 2:2 2:3 2-4 25 2-6 
CROSS-SECTIONAL DIMENSION OF GUIDE, b, CM 


20:6 
s) 


~ O05 


SURFACE RESISTANCE, Reo, OHMS 


6 0-4 


Sly 


0:3 


O-2 


O71 


DEPTH OF 


° 
17 1:8 1:9 2:0 2:1 2:2 2-3 2-4 2:5 2-6 
CROSS-SECTIONAL DIMENSION OF GUIDE, b, CM 


. 8.—Rectangular waveguide with longitudinal corrugations 
supporting Ho; mode. 
f = 1010c/s, B = 169, y = 1° and bp = 2:54cm. 


Assuming N = 6, a = 1:27cm and w = 0-:15cm, we find that 
slots of depth shown in Fig. 8 satisfy the requirements. 


(5) CONCLUSIONS 


A technique has been proposed, and is tentatively supported 
by a number of preliminary calculations, for tapering the cross- 
sectional dimensions of waveguides without introducing any 
significant change in the wave impedance. This development 
appears to offer a wide variety of applications, but it must be 
borne in mind that no experimental work on the subject has so 
far been carried out and that a more precise analysis is necessary 
to check in detail some of the calculations made. 

In the examples given a uniform taper has been assumed, but 
there seems nothing to prevent other contours from being 
employed if so desired, provided always that the appropriate 
surface impedance is presented to the wave. 

It will be observed that all the E-modes, in contrast to the 
H-modes, require a relatively small and constant value of R,. 
This makes the problem to which reference is made in Section 2.2 
of providing for the necessary coupling between adjacent trans- 
verse slots less exacting. 
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A NEW CAVITY-RESONATOR METHOD FOR MEASURING PERMITTIVITY 


By J. K. SINHA, M.Sc., Ph.D., Graduate, and J. BROWN, D.Sc.(Eng.), Associate Member. 
(The paper was first received 22nd March, and in revised form 17th June, 1960.) 


SUMMARY 
The difficulties of the usual cavity-resonator methods of measuring 
permittivity are discussed, and details are given of a new method 
which eliminates most of these at the expense of increasing the com- 
putation required to interpret the results. The theory of the new 
method is described in full, and typical examples of experimental 
results obtained by its use are given. 


LIST OF PRINCIPAL SYMBOLS 
a = Radius of cavity. 
b = Radius of rod. 
d= Length of empty cavity section. 
1 = Length of dielectric rod. 
m = bfa. 
K = Turns ratio of transformer. 


p = 3-832/a = (kp = 63)": 
Py = (6,ke — B31. 
Pa = (KS — 6)? 
Be — (Ploy 
Vie Pot. 
ko = Free-space plane-wave phase-change coefficient, 
2m/Ao. 
F(y) = Jo(my) Yy(y) — YoCny)5,(y). 
G(y) = JiQny)¥i(y) — YiCmy)Ji(). 


Q, O’ = Cavity Q-factors. 
= sin?(B,d) + Gp cos? (8,d). 


B2ap* Pp 
ye {4x2 a? my(x? — m?y?)[myF(y) 
A DD 
Bix'y — 2G()|F()} 
aa*m2p* = 20:2 
Tie gee [m?y?F2( y) — 2myF(y)G(y) + x*G?(y)] 


8, = Phase-change coefficient of Hp; mode in empty cavity. 

B> = Phase-change coefficient of Hp; mode in cavity with 
dielectric rod. 

a, = Attenuation coefficient of Hp; mode in empty cavity. 

= Attenuation coefficient of Hp; mode in cavity with 

dielectric rod. 

«, = Relative permittivity of rod. 

5 = Loss angle of dielectric rod. 

J, Y = Bessel functions of first and second kinds. 


(1) INTRODUCTION 


Several methods of using cavity resonators to measure the 
dielectric properties of materials at microwave frequencies have 
been developed. Three such methods are widely used in different 
situations and are as follows: 

(a) Disc samples in an Ho, cavity.1;2,3 
(6) An axial rod in an Epo cavity.1,3 
(c)_Small samples in any suitable cavity.4;5 
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The first method uses the cavity mode with the highest Q-faci 
and is therefore particularly suited for measurements on Ic) 
loss materials. The second method is useful at longer wa 
lengths, since the size of the cavity required to support the E 
mode is appreciably smaller than that for an Ho;, mode. 
third method needs much smaller material samples than 
other two and is used for-relatively lossy materials. 

Each of these methods has its own difficulties. Methods 
and (b) require that the dielectric sample should be an accur 
fit with respect to one of the cavity dimensions. The disc 
method (a) must have the same diameter as the cavity, while } 
rod in method (6) must have the same length as the cavity. J 
provision of samples with the required dimensions is relati 
straightforward for materials such as plastics, which are ea! 
machined, but it can be very tedious when ceramic mater} 
are being investigated. Further, there appears to be no sim 
test by which the measurements can be checked to ensure t 
a small gap between the cavity walls and the dielectric is | 
introducing errors. 

In methods (a) and (c), the measurements can be made a 
selected frequency, the cavity being tuned to resonate at 1 
frequency. In method (5), however, the cavity resonant ° 
quency cannot be altered and resonance must be obtained 
adjusting the oscillator frequency. It is not always convenij 
to do this. 

The equations from which the relative permittivities are 
culated, if method (c) is used, are based on a perturbation of| 
cavity fields and are therefore only approximate. This le 
to the possibility of errors in the relative permittivities w 
are deduced from the measurements. Such errors can) 
eliminated by making measurements on a series of samples 
different sizes,® 7 but this considerably increases the time nee 
to obtain the results. 

The object of the work described in the paper was to deve 
a cavity method which would be free from the difficulties ¢ 
lined above. The major requirements are as follows: 


(a) The samples used should not require to have any dimens! 
fixed to specified values. 

(6) The measurement should be made at a fixed frequel 
resonance being obtained by tuning the cavity. | 

(c) Contacts between the dielectric and the cavity walls sh« 
be avoided, so that problems associated with the presence of s 
air gaps do not arise. 

(d) The theory from which the dielectric properties are 
culated should be exact, to avoid the uncertainties associated ' 
the perturbation method. 


It is obviously also desirable that a single cavity shoulc 
capable of giving results for materials with a wide rangé 
permittivity and loss tangent, and if possible, for magr 
materials, such as ferrites. 


(2) OUTLINE OF THE METHOD 


The method which has been developed uses a cylindrical 
which is inserted in progressive steps along the axis of a c 
drical cavity operating in the Ho;,, mode. . The cross-sectio: 
the cavity with the rod in position is shown in Fig. 1. The 
is held by a collet connected to a micrometer spindle, and 
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DIELECTRIC ROD 
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d 
2 
DRIVE) i 
OUTPUT GUIDE 


Fig. 1.—General arrangement of the cavity and dielectric sample. 


> moved along the axis, thus varying the rod insertion /. For 
ich rod position, the cavity is tuned to resonance at the fre- 
uency selected for the measurements by adjusting the non- 
mntact plunger. The hole through which the rod enters the 
ivity can be changed in diameter by inserting an appropriate 
ush. The diameter of the hole is selected to ensure that the 
rcular waveguide which it forms is well below cut-off at the 
perating frequency, even when filled by the dielectric being 
easured. From the readings obtained, the total length of the 
wity at resonance (d + /) is plotted against the rod insertion, /, 
le resulting curve being identical in form to those obtained by 
le well-known Feenberg or Weissfloch method®»? which is 
sed to examine the effect of discontinuities in waveguides. The 
avelength of the Ho; mode in the section of the cavity con- 
ining the rod can easily be determined from this curve, and 
mee the permittivity of the rod material can be calculated. 

In principle, the loss tangent can be calculated from a corre- 
jonding curve in which the cavity Q-factor is plotted against 
le rod insertion. The delineation of such a curve in sufficient 
tail is, however, a very tedious matter, and a simpler procedure 
is been used in which only two values of Q-factor need be 
easured, these being taken for two positions of the rod for 
hich / differs by half the wavelength of the mode in the cavity 
ction containing the rod. It will be shown in the next Section 
at this procedure eliminates any errors arising from reductions 
the Q-factor caused by the cavity end walls or the coupling 
les. 

The cavity used in the experimental work operated in the 
13 Mode and has been described in an earlier paper.!° Input 
id output couplings to rectangular waveguides are provided 
| circular holes at diametrically opposite positions on the 
ivity side wall. The fixed end-plate of the original cavity was 
placed by the assembly, which controls the rod insertion. 


q (3) THEORY OF THE METHOD 


(3.1) Permittivity Measurements 


The relation between / and (d + /), corresponding to resonance 
a specified angular free-space wavelength Ao, can be derived, 
for any high-Q-factor cavity, by ignoring losses. An equi- 
lent circuit which represents the cavity is shown in Fig. 2. 
le transmission line 1 corresponds to the empty section of the 
vity and has the phase-change coefficient, B,, of the Ho; 
dde in an empty circular waveguide of radius a, equal to that 
the cavity. Hence 


; 


Be OzJy—p? —.. . @) 


lere Pp =3:832/a | ohh SS 3) 


ansmission line 2 represents the cavity section containing the 
‘lectric rod, and its phase-change coefficient, 85, is that of the 
4 Mode in a circular guide of radius a, containing a dielectric 
1 of relative permittivity ¢, and radius b. The coefficient f, 
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Fig. 2.—Equivalent circuit for the cavity. 


Transmission lines 1 and 2 correspond, respectively, to the Ho; modes in the empty 
cavity and the cavity with a coaxial dielectric rod, 


is a complicated function of a, b, Xp and €,. The first three can 
be measured, so that e, can be calculated if 8, is also measured. 

The characteristic impedances of both lines in Fig. 2 can be 
taken as unity, the impedance discontinuity at the junction 
between the empty and filled sections being accounted for by 
the ideal transformer of turns ratio K. The lengths of the lines 
in the equivalent circuit are taken as d’, 1’, and these may differ 
from the corresponding cavity distances, d, /, for two reasons. 
First, there are small phase shifts at the discontinuity between 
the empty and filled sections, and secondly, the end walls of the 
cavity may not be perfect short-circuits. Since losses can be 
ignored, the cavity end walls can be represented as lumped 
reactances, which, in turn, can be expressed as lengths of the 
lines 1 and 2. Hence 


(fli <a hei eee Se 
fee Teds fae cs, A) 


where d;, J, are the additional line lengths to represent the 
above two effects. Although d,, /, will depend on frequency, 
they will be constant for a set of measurements at one fixed 
frequency. 

The condition that the circuit of Fig. 2. should resonate at the 
free-space wavelength Ap is 


tam (65! )'= = K tan(Bid)) 0+) - ~6) 


This is an equation identical to that obtained in the Weissfloch 
method.®»? Eqn. (5), coupled with the Weissfloch theory, can 
therefore be used to predict the form of the dependence between 
l’ and d’. In the present application, it is most convenient to 
plot (d+ /) against 1. The curve of (d’ + /’) against J’ has the 
shape shown in Fig. 3, and since d’, /’ differ from d, / by constant 


a’+1! 


Sr 1! 


Fig. 3.—General shape of the curve showing the dependence of 
(d+) onl’. 


amounts, the curve of (d + /) against / will have the same shape, 
but be displaced by /, along the horizontal axis and by (d; + /,) 
along the vertical axis. The mean slope of the curve, i.e. the 
slope of the dotted line, is —(B, — B,)/8;. This slope can be 
measured from the experimental curve; B, can be calculated 
using eqn. (1) or can be measured in the empty cavity, so that Bo 
is available from the measured slope. 

The only remaining step is the calculation of ¢, from the 
measured value of 3. The relationship between 3, ¢,, a, b 
and Ao has been derived by Pincherle'! and can be expressed 
by the following set of equations: 
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Infthe present problem, ko, 82, a and b are obtained directly 
from the measurements and ¢, is to be calculated. This may be 
done as follows: 

(i) Calculate m and y from egns. (7) and (9), respectively. 

(ii) Substitute these values in the right-hand side of eqn. (10) and 

solve for x. There are an infinite number of possible roots, of which 

the smallest corresponds to the Ho; mode and is therefore the one 
required. 
(iii) Substitute the value of x, obtained from eqn. (2), in eqn. (8) 

and calculate e,. 

The difficult step is the solution of eqn. (10) for x and this is 
facilitated by the preparation of numerical Tables of the 
functions in the equation. A limited number of* calculations 
has been carried out for the values of kp, a and b which were 
used in experimental work, and the results have been used to 
prepare the curves of Fig. 4. It would be a relatively straight- 
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Fig. 4.—Dependence of the relative permittivity <- on the wavelength 
A2 of the Ho; mode in the cavity section containing the dielectric 
rod. 


The curves are calculated for a cavity radius of 2-82cm and a free-space wavelength 
of 3:20cm. The radius of the dielectric rod is 


(a) 0-318cm. 
(b) 0:475cm. 
(c) 0-635cm. 


forward matter to prepare a complete set of results appropriate 
to any values of the parameters by using a digital computer. 

The success of this method requires that only one of the Ho, 
modes in the cavity section containing the dielectric should 
propagate. This places a restriction on the maximum value of 
e, for given values of Ao, a and 5, and this maximum can be cal- 
culated by imposing the condition that it corresponds to the 
cut-off of the Hp, mode. Fig. 5 shows the restriction on the 
values of «, for the experimental conditions used. 

Eqn. (10) is based on the assumption that y is real, and this 
implies that 8, is Jess than kp [see eqn. (9)]. When the limit 
given by the results in Fig. 5 is approached, 8; may become 
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Fig. 5.—Maximum relative permittivity which can be measured f 
rod of given radius in a cavity of radius 2-82cm at a free-s; 
wavelength of 3-20cm. 

Ho2 cut-off. 


+--- Condition that the wavelength of the Ho; mode in the section conta 
the dielectric rod equals the free-space wavelength. 


greater than ky and eqn. (10) requires modification. To a‘ 
this and at the same time to ensure that the Hp, mode is not 
near cut-off, a second restriction that 6, should not exceec 
is imposed. If 8, = ko, then y = 0 and egn. (10) reduces tc 


Tice) npg 
x Tee) 2m? 
where x’ = (e; — 1)"kob «Same 


€, being the value of ¢, which gives 8; = kp. These results 
easily be plotted in a universal form, as in Fig. 6. The ce 


20 
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Fig. 6.—Universal curve showing the condition that the wavele 
of the Ho; mode in the cavity section with the dielectric ro 
radius b should equal the free-space wavelength Apo. 


sponding restriction for the conditions used in the experime 
work is shown in Fig. 5, for comparison with the restric 
based on Ho) cut-off. 


~ 


(3.2) Loss-Tangent Measurements 


The loss tangent of the material under test is determined 
in all cavity methods, by measurements of the Q-factor. 
major difficulty to be overcome is to distinguish bety 
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€ various sources of loss which contribute to the Q-factor. 
. the present problem, the possible sources of loss are as 
llows: 

‘Conduction in the cavity side wall. 

Conduction in the cavity end walls. 

Loss in the material under test. 

Radiation through the coupling holes to the input and output 
guides. 
further complication is that the losses in the cavity side walls 
ay be larger than those predicted from a consideration of the 
9; modes, because additional Ho, evanescent modes are 
cited at the discontinuity between the empty section and the 
ction containing the dielectric rod. The procedure which 
is been adopted is to make a pair of Q-factor measure- 
ents in which as many of the above factors as possible are kept 
mstant. 


Consider the cavity arrangement shown in Fig. 1. The 
neral definition for the Q-factor is 
Total stored energy in the cavity (13) 
Power loss in the cavity 
here w = Resonant angular frequency. 
This equation can be written as 
w(W, + W) 
Q 4 (14) 


GPirh Pai Pach Pye obs 
here 


W, = Total stored energy in the empty section. 

W,, = Total stored energy in the section containing the rod. 

P; = Power lost by the attenuation in the side walls of the 
Ho; mode in the empty section. 

P, = Power lost by the attenuation in the side walls and in 
the dielectric rod of the Hg; mode in the section 
containing the rod. 

P3; = Power lost through the coupling holes. 

P,4 = Power lost in the end walls. 

P; = Power lost in the side walls because of the excitation 
of evanescent modes at the discontinuity. 


Insert the rod by an extra half wavelength (measured in the 
ction containing the rod) at the same time decreasing the 
ngth of the empty section by a half wavelength (measured 
the empty section). Eqn. (5) shows that the cavity will still 
> resonant. Further, an examination of the field equations 
lows that the peak values of the standing-wave fields in the 
70 sections of the cavity can be taken to be the same in this 
se as in the one considered above. A consequence of this is 
at the loss terms P3, P, and Ps will be identical in the two 
ses. The new Q-factor will therefore be 


w[W, + W3] 
Pete Post Pati Ps + Ps: 
here W;, W3, P; and P; have the same significance as W,, 
5, P; and P, except that they apply to the increased rod 
sertion. 
The terms P3, P, and Ps; can therefore be eliminated from 
ins. (14) and (15), giving 


Q-= (15) 


a(W,+ Ws) w(W, + W) 
Q’ Q 

The various quantities in this equation can be expressed in 

rms of the cavity fields and the attenuation of the Hg; modes 


the two sections of the cavity. The attenuation of the Ho, 
ode in the section containing the dielectric rod can be expressed 


Pi +P; —P,;— Pz= 


(16) 


a form (Section 7.2) which depends on the loss tangent of the . 
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dielectric and on the attenuation of the Ho; mode in the empty 
section of the cavity. The calculations required to obtain an 
equation for tan 6 in terms of the Q-factors are given in Section 8 
and lead to the result: 


204805 —R) , 1 


Bo ot | 
Bama a(R B)S+ I)RT 
Al 1 
+ a re o) {axa + RI)S + (e, — 1)B,IRT 


«,RT tan 6 = 


+56 Bs + Be, yr |sin apa} OD 


where a, is the attenuation of the Hp; mode in the empty 
section of the cavity, and the functions R, S and T are given by 
the equations: 


R = sin? (B,d) + (f) cos*Bud) (18) 
‘Si ee {(4x? a my(x* — m*y*)F(y)[myF(y) 
Be — 2G(y)}} (19) 
T= ee [m?y?F?(y) — 2myF(y)G(y) + x?G*(y)] (20) 
1 
where 
F(y) = Jomy)¥i(y) — JQ) YoCny) (21) 
G(y) = JSiGmy)¥(y) — Ji() Yi Gny) (22) 


All the quantities involved in eqn. (17), except tan 6, can be 
measured or computed from measured values. Tan 6 can thus 
be calculated. 


(4) EXPERIMENTAL RESULTS 


Measurements on a variety of dielectrics have been made by 
the method described in the previous Section, and those discussed 
here are selected to illustrate the typical performance. Full 
details of these and other measurements are contained else- 
where.!2_ The cavity used has been previously described by 
El-Ibiary and Brown!° and was modified by replacing the fixed 
end-plate by the rod-insertion mechanism discussed in Sec- 
tion 2. The radius of the cavity is 2:82cm, and all measure- 
ments were made at the fixed frequency of 9:375Gc/s to 
minimize the computational work involved in interpreting 
the results. It should be emphasized that all the ancillary 
microwave equipment was of ordinary commercial standard and 
that the object of the experimental work was to verify the 
principles of the method. A considerable increase in accuracy 
could be achieved by using an oscillator whose frequency and 
amplitude are stabilized and by improving the techniques used 
to measure the Q-factors. 


(4.1) Measurements on Solid Dielectrics 


Rods of relative permittivities ranging from 2-5 (polystyrene) 
to 90 (titanium dioxide) have been measured, and consistent 
results in agreement with published data have been obtained. 

Typical measured curves showing the variation of the total 
cavity length with the rod insertion are given in Fig. 7 and show 
that the experimental points lie on a curve of the predicted 
shape. The relative permittivity is deduced from a curve of this 
shape, as discussed in Section 3.1. 

Q-factors were deduced from measurements of the insertion 
attenuation of the cavity at resonance. This gives the loaded 
Q-factor, but since losses by radiation through the coupling 


526 


6:61 


6:57 


653 


(d+1), CM 


6:49 


6693 


6689 


(d+1),CM 
co) 
oO 
@ 
(0) 


6681 


6677 
O 


O4 0-8 1:2 16 2:0 24 
1,CM 
(b) 


Fig. 7.—Typical measured curves of (d + /) against /. 


(a) Polystyrene rod of radius 0:635cm. 
(b) Titanium dioxide rod of radius 0-105cm. 


Fig. 8.—Dependence of Q-factor on rod insertion for a polystyrene 
rod of radius 0-635 cm. 


holes are eliminated by the procedure described in Section 3.2, 
it is unnecessary to correct these to unloaded values. A typical 
curve of the variation of Q-factor with rod insertion is shown in 
Fig. 8. From this curve, a series of pairs of values separated 
by half a wavelength was taken, and the attenuation in the cavity 
section containing the dielectric was calculated from each pair. 
The values so obtained were consistent to within +3%, this 
being the estimated accuracy of the Q-factor measurement. The 
loss tangent is calculated from this attenuation coefficient and 
that of the empty cavity, which is deduced from the Q-factors 
of Ho1; and Ho; resonances. 

The effect of the sample diameter on loss-tangent measure- 
ments was -investigated by making measurements on three 
Perspex rods, prepared from one piece of material. The results 
are given in Table | and are again consistent within the limits 
of the accuracy of the Q-factor measurements. 

The oscillatory character of the curve showing Q against / is 
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Table 1 


RESULTS ON PERSPEX SAMPLES MEASURED AT 9-375 Gc/|s| 


Measured values 


Sample diameter 


Relative permittivity Loss tangent 


2°62 
2°65 


0-:0092 
0-009 4 
0:0095 


due to the mismatch arising at the junction between the t) 
cavity sections. This mismatch can be eliminated by adding 
quarter-wave matching-section to the end of the rod, 

it is then found that a linear relation between simple fuy 
tions of Q and / can be deduced. Full details of the theq 
of this method and of results obtained by its use are giy 
elsewhere. |” 


(4.2) Measurements on Liquids 


A number of methods by which liquids can be measured! 
cavity resonators have been described.!3!5 These involve 
container for the liquid, and a similar technique can be ug 
with the present cavity. The liquid is contained in a cylindri} 
bottle which is inserted in steps along the cavity axis, just as" 
solid materials. The theory is rather complicated, since} 
involves the determination of the characteristics of a wavegu 
with three materials; air, the container wall and the liqui 
Otherwise the method is essentially similar to that for sc 
materials and can give quite reliable results. !2 


(4.3) Measurements on Ferrites 


The complex permittivity and permeability of unmagnetij] 
ferrites may be determined by using this cavity system. T 
rod specimens of different diameters are used and measureme} 
are made on each to determine the attenuation coefficient a 
the wavelength in the partially filled portion of the cavity. Fri 
these results, the constants of the material are evaluated. 
evaluation of the constants in this method is based on: 
exact theoretical solution, as in the method of Roberts 4 
Srivastava.!®© The details of the theory and results obtained 
measurements with samples of low-loss ferrites are given e 
where.!2, This method has been found to give results cc 
parable in accuracy with those obtained by other techniques)’ 


(5) DISCUSSION 


The advantages of the method described in the paper can’ 
summarized as follows: 


(a) The relative permittivity is obtained from a series’ 
measurements instead of from single observations, as in previt 
cavity methods. The method is a precision one in the se 
discussed by Oliner and Altschuler.!7 

(6b) A similar precision technique could, in principle, be appl 
to the determination of loss tangent, but the computatio 
labour is prohibitive. The accuracy of the method can, he 
ever, be improved by taking a series of pairs of Q-factors ¢ 
averaging the loss tangents so obtained. The possibility. 
several measurements of loss tangent minimizes the likelihc 
that errors in the measurements will not be detected. 

(c) The dielectric specimen does not require any dimension! 
have a specified value. This simplifies the preparation 
ceramic specimens. 


\ 
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(d) The measurements can be made for rods of a reasonable 
range of diameters (see Table 1). It is thus possible to make 
measurements on a single rod in different cavities to cover a 
range of frequencies. 

(e) As with any cavity method, the results are accurate only if 
the fields have the form assumed in the theoretical calculations. 
In particular, the excitation of unwanted propagating modes will 
seriously affect the accuracy. A major advantage of the method 
described is that the presence of unwanted modes is shown by 
a deviation of the experimental curve of cavity length against 
rod insertion from the expected shape. This has been confirmed 
experimentally by using a rod which was not circular and thus 
excited H,, and E,; modes. 


The only major disadvantage is the computational work 
required in extracting the results. This can be materially 
reduced if measurements are made at selected fixed frequencies 
and detailed numerical charts are computed. 
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(7) APPENDICES 


(7.1) Properties of a Circular Guide with a Coaxial Dielectric 
Rod 
(7.1.1) Field Components. 


The behaviour of a circular guide with a coaxial dielectric 
rod has been studied by Pincherle,!! and the results required in 
the present paper follow by a similar analysis. The notation 
used follows that in the main text. Within the dielectric rod, 
i.e. for 0< r< 5, the field components for the Hp; mode are 


By = — 1240 45,(p,r) (3) 
Pi 
Hy =— Yoke (24) 
H, = AJo(pir) . ; (25) 
where pt = «ki — £3: Yo = Bola . (26) 


and the factor exp (jwt — j8z) is omitted from all the com- 
ponents. Outside the rod, i.e. b< r<a, 


Eg= ar [BJ (par) + CY 4(por)| = eZ aan) (27) 
2 


Haar. (28) 
Ay = BY par) + CY o( Par) = Zo( Por) . (29) 
where 
Pete CM be ee (30) 


The amplitude constants A, B and C must be selected to satisfy 
the boundary conditions at r = a and r = b, and these lead to 
the relations 


B OM te To)A 
Yi()) Ji(y) So(my)¥(y) — Sx(vYo(my) 


together with eqn. (10) from which the phase-change coefficient 
is obtained. 
The quantities x, y and m are defined in eqns. (7)-(9). 


(31) 


(7.2) Attenuation 


Attenuation arises from dielectric losses and the conductivity 
of the waveguide wall, and can be calculated by the usual method, 
assuming that the field patterns are not materially different from 
those for the loss-free case. The attenuation constant is given by 


Laie 


oP az (32) 


Ly = 


528 


where P is the power flow through the guide cross-section and 


= is the power loss per unit length of guide. 
dz 


theorem: 


From Poynting’s 


Ea a R(EgH)\dA 


cross-section 


= ae | Eg|?rdr 
0 


ae QUT ciaales, at rzKowar) (33) 
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wUz€,€o|A|7b? tan 6 


The loss per unit length in the dielectric rod is 


2n 5 
(dPldz)q = 4we,e, tan 8| | | Ee|2rdrad 
0 0 


__ a3 uge,€o|A|7b? tan 8 
2p? 


Eo — =I (x) + Je(x) lI 


where tan 6 is the loss tangent of the dielectric. 


Substituti; 
these results in eqn. (32) gives 4 


aRnZG(y) 4 re 


42 = 


The integrals are of the standard Lommel type and can be 
evaluated to give 
Alb? 2 
jp ee - [Heo — 5 Joli) aia 3300 | 
b2 9) , 
Zi(y) — Zi(my) — ene (ny) Zo(my) + Zo(my) 
D3 
(34) 
in which the result that Z,;(y) = 0 has been used. 
Also 
PAID) gL), is 7 ines WAT CG) (35) 
P2 Py 
because of the boundary conditions at r= b. Hence 
er WIo(x)J 2) 
Pe. Diy Di San ie PY ON io eh 1 
P= dos} |4!*( 4 -%)| 190) 2 
Th, 
an oa) (36) 
P3 
4B a7 JA(x)ax Ww? Ue y€,b7F>( y) 
m7? pry? 2P% 


: 2 5 
cHtoB} | A|?b? G — 7 Ee _ 2 sco | + za} 


[239 — 2490011094 J809 


The surface resistance R,, can be expressed in terms of 
the attenuation coefficient of the Hj, mode in the empty circu 


guide. The equation for the empty guide corresponding |) 
eqn. (39) is 
2 
ay = P Rn e 
wpoBya 


where [, is the phase-change coefficient in the empty guide 


The loss per unit length due to the conductivity of the walls is 


2 
(dP|dz). = 4Rp | |Ha)?-aad0 
0 


= 7aR,,Z§(y) (37) 


where R,,, = Surface resistance of the metal. 


eae eee eee) 


and p= kk — B 
Further, Zo(y) = BJo(y) + CYo(y) 
— ASo(x)[To(v)¥1(¥) — iC) Yo”) 
Jo(my)¥ (¥) — JC) ¥ ony) 
an 2AJo(x) 
-  -TYF(y) 
hele F(y) = Jom) YQ) — Yolmp,0) . 
Then 
Eo — = Jo) (x) + F300 | tan 6 
pel Gt) 
7 py? 


22 
Bo {e°F0) ( 2 — = [300 = 5 J0)I | + 


This rather formidable expression can be computed most eas 
if the Bessel functions of argument x are replaced by usi 


eqn. (10). Also pa is equal to 3-832, the first root of J,(x). 
Let | 
G(y) = Ji@my)¥y() — Jy(n¥i@ny) . . 
J,(x) G(y) 
Then i = “ 
xJo@)  myFO) ¢ 
and 


ae 8B, «(xy/pa)? + 77a? U9E¢,m?y*[m2y?F( y) — 2myF(y)G(y) + x*G?(y)] tan 8 
28 44x? — myx? — my?)F(y)[myF(y) — 2G()]} 


(4 
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_ Since x? = my? + (e, — 1)k2b? (48) 
‘Ne expression for «2 can be written in terms of ¢,, m, and y. 


| convenient form of the expression is 


i mac €,keT 
| bisa a5 tan (49) 
| here 

ty 

iS= aoe 2 £ 4,2 — m?my(x* — m2y)F( pois (y) — 2G( y)}} 
7 PAROLE (50) 
nd 

paleo) 
ny 2E2(y) — ImyE(y)G(y) + GJ]. (51) 


4B x? 
| 


i ) RELATIONSHIP BETWEEN THE CAVITY Q-FACTORS 
AND THE ATTENUATION COEFFICIENTS 
| The stored energies and power losses required in eqn. (14) 
ill be evaluated from the fields existing in the cavity at resonance. 
he losses are calculated by the usual method of perturbing the 
‘lution for a loss-free cavity, and since the effects of the coupling 
‘oles, the end walls and the evanescent modes at the discon- 
nuity have already been eliminated, they need not be considered 
ether. It is therefore assumed that the end walls are perfect 
\pnductors and that evanescent modes need not be considered. 
‘\his second assumption is equivalent to taking the lengths /’, 
‘in the equivalent circuit of Fig. 2 equal to the physical lengths 
||din Fig. 1. In all the cases which have been examined, this 
| fully justified. A check is available in that the distances /,, 
i can be derived from the experimental curves corresponding 
. 
i 


‘\y Fig. 3. 


1 


| DIELECTRIC. VELL? 77 
| ROD LTV ED ED 


. Fig. 9.—Co-ordinate system used in Section 8. 


|| The fields in the cavity can therefore be represented sufficiently 
\pcurately by Hp; modes in the two sections. The co-ordinate 
stem used is shown in Fig. 9. ForO<z<d 


Eg = AJ,(pr) sin [B,(d — z)] . 
Is = JAY,5,(pr) cos [Bd — z)| b 


jhere Y, = B,/wp is the wave admittance of the Ho; mode in 
rcular guide. 


(52) 
(53) 


(8.1) Total Stored Energy 


| The total energy stored in the cavity at resonance will be 
btained by an application of Slater’s theorem, which relates 
jlanges in resonant frequency to changes in stored energy. 
the frequency shift, Sw, associated with a small reduction dd 
| the length of the empty section can be calculated from eqn. (5). 
later’s theorem applied to this situation gives: 


Difference between the magnetic and electric 
) energies stored in the section 
y) 


Total stored energy in the cavity at resonance 
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OMG — OW, 

W, + We 
where W,, W, are defined in Section 3.2. 
The changes 5W,, and dW, are readily calculated from the 


field components given by eqns. (52)-(53) evaluated for z = d 
and are 


(55) 


1 a 

8W, = io¥FlAPx2n | rii(pnde . od 
= Ho Yj] A\?a2IG( paid (56) 
éW, =0 (57) 

ise od 
Hence, W, Se W2= 5700 Y}|A|7a ?J6( pa) Sa (58) 

Now if /; and d; are assumed to be zero, eqn. (5) becomes 

K? tan B, — tan Bp] (59) 


Hence, since d is reduced by 6d, 
—n?B, dd sec* Bid = — £ @ tan B,d + tan B,/)dw 
bare dK? 2 2 dp, i 2 dB, 
=— ‘ee tan B,d+ K7d sec B47, +1sec BI) dw (60) 


Further, it has been shown!® that, to a very good approximation> 


= P)/P; (61) 
. dK? 1 dB, __ By, dB, 
Hence 


1 ok in (2B)d) if as 


a (63) 


+ é cos? Bid 4“ oS * sin? Bd) 4 


oe al 
i 4w pg 


Pole oe iC cos? fd 


dw 
1 dp, jeare sobs ae 
+ 5g Fg Ge) sn 284 | 
(64) 


= BP sin? Bid) = aa 


The validity of the approximations used in the above deriva- 
tion has been confirmed by evaluating (W;, + W,) by the very 
tedious method of integrating over the volume of the cavity. 

The expression for W; + W,; is obtained by substituting 
d — A, and / + 4A, for d and J, respectively. 

The derivatives dB,/dw, d8,/dw which appear in eqn. (64) 
will be evaluated in the next Section. 


d 
(8.2) Derivatives —— cos = 


2 


Since Bt = a —p 
d 
ee = WHo€o 
2 dB, ay kb 
1.€. aes: = Bw : (65) 
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The expression for d6,/dw is not obtained in this simple way, 
since B, depends in a complicated manner on e¢,, a, b and ko. 
From egns. (8) and (9), 


= (6G — PRY 
y? = (ko — B3)a? 
where x and y are related by eqn. (10). 
Hence 
dx "lk «ke ga 2 
xo = (= a (66) 
dy _ KB a2) ) 
Hs ie : aa OF 
and so 
Ip dP 
dy e dy dw _ w 2dw (68) 
dx dw dx Set pA) 2 at 
w 2 du x 
dp, ke Ue Aes ay x 
ae w (v6 =) OF =) 
KB ye, — oe 
= - 69 
w E + dyfax) — cfm | © 
Ji) G(y) 
Now = 
xJo(x)  myF(y) 


where F(y), G(y) are defined in Section 7.2. 
By straightforward differentiation and substitution for the 
Bessel derivatives it is found that 


dy m7 y[m?y°F(y) — 2myF(y)G(y) + x°G(y)] 
dx x{7?m?y?[F°(») + G%(y)] — 2?myF(y)G(y) — 4} 
and after some further algebraic manipulation: 


y(dy|dx) er 
y(dy|dx) — (x/m*) S$ 


where S, T are the functions defined in eqns. (50) and (51). 
Substitution in eqn. (69) gives 


B dB, kK 1-4 eee 
2 da w S 


(8.3) Losses in the Cavity 


(70) 


(71) 


(72) 


The method proposed in Section 3.2 makes it unnecessary 
to evaluate the total losses in the cavity, and it suffices to deter- 
mine the losses in half-wavelength sections of the empty and 
dielectric-filled regions. This can be done by considering the 
Q-factors of such sections. Consider a half-wavelength section 
of the empty cavity, for which the Q-factor can be calculated 
from either of the expressions 


cia W dp, 
oy cide (73) 
Or eke w xX Total energy stored in a half-wavelength 
: Power loss in a half-wavelength 
_ @W,(A,/2) 
eer 0) 


where P,, Pj have been defined in Section 3.2 and W,(A,/2) is 
the energy stored in a length A,/2 of the empty cavity. This 
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may be obtained as a special case of eqn. (64) by letting d eq) 
A,/2 and J equal zero, 


7Bi|Al?a753(pa) Ar aB, 
4wpU9 2 dw 


Le. W,(A,/2) — 


If the two expressions for Q, are equated, there results 


,  OWi(Ay|2) _ 7770, | A|?a*53(pa) 
eee eo 
Q; 2w Lo 
By a similar argument it may be shown that 
; 20%,W(A3/2) 
P; —P,= 
tina AB ae 


where W,(A,/2) is the energy stored in a half-wave section of | 
filled cavity section. This must be evaluated for the situati 
when the fields in the empty cavity section are given } 
eqns. (52)-(53), and is obtained by taking the difference betwih 
W, + W, evaluated for d, 1+4A, and W, + W, evalual 
for d, I. 


Hence 9 : i : 
_ mPy|A 6( pa)a 
W(A,/2) a 
x [an (Bt cos? Byd + e sin? p, d) al 
and P; — P, = mrd>B "| A|*JG(pa)Az 


4er[o 
x (5 cos? Bid +2 ” sin? Bd) 


(8.4) Final Form of Eqn. (14) 


The various quantities appearing in eqn. (14) have bj) 
evaluated in Sections 8.1 and 8.3, and substitution of the resilt 
from eqns. (64), (76) and (79) gives 4 


a2a|A|?I3( pa) /_. Rides 
= a Bs Piaor eee B a) = 


__ 7B ,a?|A|73( pa) 
4e p49 


m4, a2| A|7I3( pa} 
2X9 


1 d 
ie G - py eae 


x (- cos? B,d +2 * sin? By )4 | 
ssmono(s 4 20G y 
-4| or +1(6! cos? Bid +f * sin? pd) |). 


This equation may be ee ne substituting for | 
(dB,/dw) and (d8,/dw) from eqns. (49), (65) and (72), rest 
tively, and by Miia 


= sin? (B,d) + jy cos? (B;d) 


The final result is 
ee pit wl (a5 =) S +(e,— par 

By = 

1/1 1 

+ Fey oe 5) - + RI)S + («, — 1)BIRT 


+A 


—_ 


e,RT tan 6 = 


“Born 


The Institution of Electrical Engineers 
Paper No. 3319 E 
Nov. 1960 


| PROPAGATION MEASUREMENTS AT 3480 AND 9640Mc/s BEYOND 


THE RADIO HORIZON 


I By. G. V. GEIGER, B.Sc., N. D. LA FRENAIS, B.Sc.(Eng.), and W. J. LUCAS, M.Sc. 
| (The paper was first received 16th October, 1959, and in revised form 3rd June, 1960.) 


| SUMMARY 

The paper gives an account of scatter-propagation measurements 
‘made at S- and X-band during the period May, 1957 to May, 1959. 
[he work at S-band continued throughout the whole of this time, 
“while the X-band measurements were made during the period of a 
year from June, 1958 to May, 1959. 
. The S-band transmitter, using a 3-480Gc/s c.w. magnetron with a 
/yower output of 500 watts, was established at Start Point in Devon. 
)Receiving terminals were set up at Wembley, Middlesex, and Witnes- 
iam, Suffolk, at distances of 173 and 247 statute miles, respectively, 
‘tom the transmitter, the former being maintained in operation 
hroughout the whole of the experimental period and the latter for a 
seriod of nine months from September, 1957 to June, 1958. Diurnal 
‘md seasonal variations in the median level of the received signal are 
‘discussed and a comparison is made of measurements taken simul- 
aneously at Wembley and Witnesham. The distribution of the S-band 
lading rate as a function of level is studied and a limited amount of 
work concerned with the distribution of the duration of fades below a 
“ziven level and the power spectrum of the detected signal is described. 
| The transmission path for the X-band system, which used a pulsed 
‘magnetron at a frequency of 9-640 Ge/s, also lies between Start Point 
ind Wembley; the pulse length was 2 microsec and the pulse-repetition 
[ieavency 500 c/s, the peak power in the pulses being 180kW. The 
‘X- and S-band links were operated together whenever possible, and 
‘2 comparison is made of the median level and fading rate of the 
signals received simultaneously at the two frequencies over the same 
/bropagation path. In addition, a series of measurements to investigate 
he aerial coupling loss of the X-band system are described. 


LIST OF SYMBOLS 
f = Frequency. 
So = Frequency of transmitter. 
k = R.MLS. amplitude of a Rayleigh distribution. 
ky = R.M.S. amplitude of a Rayleigh distribution measured 
relative to a constant amplitude. 
L = Transmission loss, dB. - 
L, = Aerial-to-medium coupling loss, dB. 
N(r) = Number of crossings per second of a level r in a given 
4 sense. 
r = Amplitude of a field quantity. 
| f(r) = Average duration of fades below a level r. 
#9 = Average duration of fades below the median level. 
&€ = Amplitude of a field quantity measured relative to the 
median value. 


d(r) zat [xo dr. 


| Wr) = Auto-correlation function. 
o = Standard deviation of a normal distribution. 
@ = Scattering angle. 

x(f) = Power spectrum. 


(1) INTRODUCTION 
In a previous paper! an account was given of an experimental 
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study of beyond-the-horizon propagation using a 500-watt c.w. 
transmitter at a frequency of 3-480Gc/s over a 173-mile path 
between Start Point, Devon, and Wembley, Middlesex, for the 
period May, 1956 to April, 1957. This study has been continued 
and expanded, and in this paper a summary is given of the 
propagation data collected up to May, 1959. In addition to 
the receiving equipment at Wembley which has been in operation 
throughout the programme, a second receiving station was 
established at Witnesham, Suffolk, for the period September, 
1957 to June, 1958. Witnesham lies on the extension of the line 
through Start Point and Wembley and is 247 miles from the 
transmitter at Start Point. Simultaneous signal-level recordings 
at the two sites enabled an estimate to be made of the average 
attenuation rate of the scatter-type signal at S-band. 

The transmissions from Start Point have also been monitored 
at Ditton Park by the Radio Research Station of the D.S.I.R. 
as part of a programme to study tropospheric propagation. 
Ditton Park is situated near Slough and is only slightly off the 
Wembley-Start Point line at a distance of 13 miles from Wembley. 
Apart from aerial size, the receiving equipment at Slough was 
identical with that used at Wembley and Witnesham. Infor- 
mation was exchanged with the D.S.I.R., and, in particular, a 
comparison extending over several months was made of the 
variations in hourly median signal levels at Slough and Wembley. 

In addition to the work at S-band, a second propagation link, 
operating at 9-640Gc/s, was established over the same path 
between Start Point and Wembley in June, 1958. This used a 
pulsed radar transmitter with a pulse length of 2microsec, a 
pulse-repetition frequency of 500c/s and a* peak power output 
of 180kW. Whenever possible the S- and X-band links have 
been operated simultaneously, and comparisons of hourly 
median transmission loss extending over the period of a year, 
together with simultaneous measurements of fading rate at the 
two frequencies, are given in the paper. 

Table 1 sumrharizes some of the more important parameters 
of the links, 


(2) DESCRIPTION OF EQUIPMENT 


(2.1) S-Band 


Three separate receiving equipments have been used during 
the programme; two of these were installed on a 200ft tower at 
Wembley and the third at Witnesham. The second Wembley 
receiver was installed originally to enable the experiments on 
double diversity reported in Reference 1 to be made and was 
subsequently retained as a standby receiving channel. Details 
of the siting of the equipment at Start Point and Wembley, 
together with a brief outline of the characteristics of the trans- 
mitter and Wembley receivers are given in Reference 1. The 
receiver characteristics given there apply equally well to the 
Witnesham equipment. 


(2.2) X-Band 


The details of the X-band equipment necessary for the inter- 
pretation of the propagation data are given below. 
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Table 1 
S-band X-band 
Wembley Witnesham Wembley 

Angular distance, m.r. 26 41 26 

Yearly median system trans- 151 162 153 
mission loss, dB 

Aerial coupling loss, dB 3 5 8 
(estimated) 

Transmission loss between iso- 221 230 232 
tropic aerials, dB 

Calculated transmission loss 222 236 234 
between isotropic aerials 
(Reference 2), dB 

Standard deviation of the dis- 5 5 5 
tribution of hourly medians, 
dB 

Average seasonal variation in 8 10 17 
monthly median values of 
system transmission loss, dB 

Ayerage yearly range in the 60 51 54 
hourly median transmission 
loss, dB 

Average diurnal range in 14 13 15 
hourly median transmission 
loss, dB 

Average monthly variation in 28 24 26 
hourly median transmission 
loss, dB 

Median value of fading rate at 2°4 — 4°8 
median level, c/s 


(2.2.1) Transmitter (Start Point). 


The transmitter is housed in a trailer with the paraboloid 
mounted on the roof, and is adjacent to the trailer containing 


the S-band equipment. 
as follows: 


Frequency 
Radiation 
Pulse-repetition rate 
Valve 

Peak power output 
Aerial 


Height of centre of aerial above 


ground 
Aerial feed 
Aerial gain 


E-plane half-power beam width 
H-plane half-power beam width 


Polarization 


(2.2.2) Receiver (Wembley) 


The characteristics of the equipment are 


9-640 Ge/s 

2 microsec pulses 

500 c/s 

CV2412 

180kW 

8 ft-diameter 120° para- 
boloid 

16 ft 


Pyramidal horn 
45 dB 

1-0° 

1-0° 

Horizontal 


The X-band equipment, like that for S-band, is housed at the 
top of a 200 ft tower at Wembley and shares a paraboloid with 


the second S-band receiver. 
are as follows: 


Aerial 


Height of aerial above ‘grotind 


Aerial feed 
Aerial gain 


E-plane half-power beam width 
H-plane half-power beam width 


Polarization 
Bandwidth 
Noise factor 


The characteristics of the receiver 


8 ft-diameter 120° paraboloid 
190 ft 

Dual X- and S-band feed 
42-1dB 

1-2° (estimated) 

1-2° (estimated) 

Horizontal 

2 Mc/s 

11-7dB 


(2.3) Recording Equipment 
Three methods of recording signal level have been used: 


(a) A low-speed pen recorder having a paper speed whi 
could be alternatively 12 or 3in/hour and a time-constant 
about | sec. 

(b) A high-speed two-pen recorder with a level response 
to 60c/s and paper speeds of 1, 5, 25 and 100 mm/s. 

(c) A signal sampling machine. 


At Wembley all three methods were available for the S-ba 
signal but only (a) and (6) for X-band; at Witnesham onl 
low-speed pen recorder was used. The signal sampling machi 
which enables the amplitude distribution of the detected S-ba 
signal over any desired period to be measured, is briefly descri 
in Reference 1. 

At X-band it was necessary to feed the output of the vid 
amplifier into a_pulse-stretching circuit, which converted 
pulses into a varying direct current whose amplitude follow 
those of the successively arriving pulses and had a mean vy: 
large enough to operate a conventional pen recorder. Since t 
pulse-repetition frequency was large compared with the fadii 
rate of the X-band signal, the waveform from the pulse stretch 
mirrored fairly closely the variations in signal amplitude whi 
would have been obtained under c.w. conditions. 


(2.4) Calibration of the Receivers 
(2.4.1) S-Band. 


The original receiver at Wembley was calibrated at t 
beginning of the programme in 1956 using a small batter 
operated transmitter of known output over a 16-75-mile line-« 
sight path from Windsor. In 1957, when all three receivers we 
in operation, another calibration, this time covering all thr 
receivers, was carried out using a similar method but over pa 
lengths of about 1-25 miles. The total spread in the measur 
sensitivity of the three nominally identical receivers was 1-5 dB 
a variation which could mainly be accounted for by the differen 
between the mixer crystals. The comparatively small spre: 
between the measurements on the three receivers gives sor 
confidence in the accuracy of these results, and the median-le\ 
measurements based on the original Windsor calibration ha 
therefore been modified to conform with the later calibratic 
The correction was, however, only about 1 dB. 


(2.4.2) X-Band. 


The X-band receiver was calibrated by feeding the output o: 
pulsed r.f. signal generator giving 2 microsec pulses at a pul: 
repetition frequency of 500c/s directly into the aerial feed. 


(3) TRANSMISSION PATHS 


The locations of the various terminals are shown in Fig. 
Brief descriptions of the sites at Start Point and Wembl 
together with profiles of the path in the immediate neighbot 
hood of these terminals, are given in Reference 1. The site 
Witnesham is on farm land with the path of the signal in t 
immediate neighbourhood of the aerial lying across open fiel: 
A profile of the transmission path near this terminal is giy 
in Fig. 2. The radio horizons under standard radio conditic 
at Start Point, Wembley and Witnesham are, respectively, : 
17 and 9-5 miles, and the angular distances? of the Start Poir 
Wembley and Start Point-Witnesham paths are 25-9 a 
41-2 millirad. 


(4) S-BAND MEDIAN-LEVEL MEASUREMENTS 


The signals received over a tropospheric scatter link ; 
characterized by rapid fading over a large range, together witl 
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8 hours before returning to its original value, although one 
exceptional period occurred in January, 1959, in which a high 
median level, some 25dB above the average for the rest of the 
month, persisted for 24 hours. Over three years a sufficient 
number of periods of ducting have been observed to suggest a 
seasonal dependence of the atmospheric conditions necessary to 
produce such signals. They seem to occur far more frequently 
in summer and autumn, and only very rarely in winter; in fact, 
the exceptional period in January, 1959 mentioned above is the 
only time such a signal has been observed during the winter 
months. 

In Reference 1 it was reported that the times of occurrence 
of the maximum and minimum values of the hourly median 
transmission loss within a period of 24 hours for the period 
May, 1956 to April, 1957 were distributed fairly uniformly 
throughout the day, suggesting that there was no systematic 
diurnal variations in median level. An increase in the rate of 
accumulation of data during the last two years of operation 
made it possible to study this question in more detail. For this 
purpose the high-level ducted-type signals, defined here as ones 


200 300 400 500 600 KME 
Fig. 1.—Map of the propagation path. 
Start Point: 50°13’36”N, 3°39’38’’W, NG 815375. 
Wembley: 51°33’48’N, 0°17'45’ W, NG 181864. 
Witnesham: 52° 7'36”N, 1°11’ 4”E, NG 180524. 
BAS. Basingstoke. SAL. Salisbury. 
P.B. Portland Bill. SLO. Slough. 
PLY. Plymouth. W.G.P. Windsor Great Park. 
Scale: lin = 40 miles (approximately). 
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Fig. 2.—Part of profile between Start Point and Witnesham. 


OWer variation in the average level. The measurement of such 
enals therefore resolves itself into two parts: first, a determina- 
on of the long-term variations in the average level, and secondly, 
¢ determination of the distribution of the amplitude about the 
ean over a relatively short period. The former will be dealt 
ith in this Section. 


(4.1) At Wembley 


The long-term variations in the average level of the received 
gnal have been measured, for the most part, in terms of the 
iedian value of the system transmission loss, L, over the period 
f one hour, where L is defined as the ratio, expressed in decibels, 
f the power transmitted to that received. The total recording 
me at Wembley from May, 1956 to May, 1959 was about 
500 hours, and during this period the measured values of L 
aried from 108-5 to 171:0dB, a range of 62:5dB. The con- 
usions drawn in Reference 1 about the variability of ZL on the 
asis of the results of one year apply substantially unaltered to 
1¢ whole period of operation, the mean values of the diurnal 
ad monthly variations in L for the 3-year period being, respec- 
vely, 13-0 and 29:2dB. In the last two years there has been 
erhaps a slight increase in the frequency of occurrence of the 
lucted’ type of signal in which the median level increased quite 
iddenly by up to 30dB. Such a signal usually lasted from 1 to 


for which L < 135dB, were separated out from the rest of the 
data, and separate analyses were carried out on the two sets of 
results. For the more usual data (LZ > 135 dB) plots were made 
of the monthly averages of the median values of the transmission 
loss for each hour of the day; at least 7 values were available 
to average and in some months as many as 15. The curves 
showed no well-marked common features, and, in general, the 
variation throughout the day was quite small. On the other 
hand, a histogram of the times of occurrence of high signal 
(ZL < 135dB) showed clearly that the ducted type of signal 
occurred far more frequently between 2200-0600 hours with a 
peak period just after midnight. The high signals were recorded 
for approximately 2° of the total time of observation. It 
appears, therefore, that the basic mechanism responsible for the 
transmission of S-band signals beyond the horizon is, on the 
whole, equally effective throughout the day. On the other hand, 
the special atmospheric conditions which lead to greatly enhanced 
signals occurred mainly for the few hours on either side of 
midnight. 

The distribution of the hourly medians over a month or longer 
period was found, in general, to be approximately Gaussian. 
Cumulative distributions of hourly median values, plotted on 
arithmetic-probability paper, for the best and worst months and 
for the whole year are shown in Fig. 3 for 1958. The monthly 
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Fig. 3.—Distribution of the hourly median S-band transmission loss 
for the Start Point-Wembley path for 1958. 


(a) Best month (August). 
(b) Year. 
(c) Worst month (January). 
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Fig. 4—Monthly median and standard deviation of the 
transmission loss for the Start Point-Wembley path. 
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median values and standard deviations over the period May, 
1956 to May, 1959 are plotted in Fig. 4. A seasonal trend in 
the median values is evident, the signal being, on the whole, 
higher from May to October than in the rest of the year. The 
loss is greatest in January and February, and the difference in 
median level between these and the summer months is, on the 
average, about 7-8dB. There is, however, a range of about 
5 dB between the average summer levels for 1956, 1957 and 1958. 
The monthly spread in hourly medians as measured by the 
standard deviation of the distribution usually varies from 4 to 
6dB with a mean value of about 4:-5dB. Months in which the 
standard deviations differed significantly from the average 
usually contained relatively long periods of ducted-type signals. 
The average yearly median value of the system transmission loss 
is about 151 dB. 
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(4.2) At Witnesham 


The signal level at Witnesham was expected to be only a ij 
decibels above the receiver threshold for quite a large proport}; 
of the time. Because of this and the fact that the receiver | 
left unattended for long periods, an automatic search cird} 
was included in addition to the normal automatic frequed; 
control. As long as the signal was above the threshold } 
search system was prevented from working and the nort/ 
automatic frequency control operated. However, if the sig}! 
was lost for more than 12min, the search system, which ci 
trolled the local-oscillator frequency by varying the reflec} 
voltage on the klystron, came into operation and continued wij) 
the signal was again picked up. This worked extremely 
and, in spite of the fact that the receiver was frequently work} 
quite close to its noise level, comparatively few periods 
recording were lost. ~~ 

Since the only recording equipment at Witnesham was a ld 
speed pen recorder with a maximum paper speed of 12 in/ha 
the amount of quantitative information which could be obtair} 
about the signal was more restricted than at Wembley. It wv 
limited to the estimation of the median level by eye from } 
low-speed chart. A suitable length of chart for quick 4 
repeatable estimates was found to be 6in, and the basic per} 
of analysis was therefore taken to be 4 hour rather than 1 he 
as at Wembley. During the period from September, 1957} 
June, 1958 about 950 hours of simultaneous recordings } 
Wembley and Witnesham were made. The measurements w) 
spread throughout this period as indicated in Table 2, a 


Table 2 


Month Sept.} Oct. | Nov.!Dec. 


80 | 98 | — 


Jan. | Feb. |March} April 


22°) 79) V23 1208 


May | Jui 


174 | 13) 


Number of | 43 
hours 


included several periods of three or more days continu 
recording. 

Although the Witnesham programme is clearly considera 
smaller than that at Wembley, sufficient information was ave 
able to give a resonably accurate picture of the propagati 
throughout the year and to enable a meaningful comparison 
median-level trends at the two sites to be made. | 

The general picture of signal variability in median level 
substantially the same as at Wembley and is summarized, 
follows: f 


(a) The total measured variation in level over the peri 
from September, 1957 to June, 1958 was 51 dB. 

(6) The hour-to-hour variation was usually of the order 
1-2 dB. 

(c) A few periods of high signal level of the type describ 
for Wembley were recorded. These usually coincided wi 
similar signals at Wembley, although the extent of the sudd 
increase in level might differ by about 10dB at the two sit 

(d) The average diurnal and monthly variations we! 
respectively, 13-1 and 24-2dB. 

(e) The average changes in level within 6-hour periods a 
given in Table 3, the very high signals having been omitted. 


Table 3 
Period 0000-0600 | 0600-1200 | 1200-1800 | 1800-240: 
Average change, dB 6-3 6-7 6°8 6°8 
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| As at Wembley, the signal appeared to be equally variable 

throughout the day. 

| (f) If the periods of ducted-type signal, which occurred 
most frequently around midnight, are omitted there appears 

to be no systematic variation in level with the time of day. 

| 

: 

| 


(g) The distribution of the half-hourly median transmission 

| loss over the period of a month or longer was approximately 
Gaussian with a standard deviation of about 4-5dB. The 

| distribution of all the measurements taken over the period 
| September, 1957 to June, 1958 is shown in Fig. 5. The 
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Fig. 5.—Distribution of the half-hourly S-band median transmission 
loss for the Start Point-Witnesham path. 


_ median value of the half-hourly medians is 160-7dB and the 
_ standard deviation is 4-9 dB. 
| (h) Although the amount of data in some months is too 
_ small to give a very accurate estimate of the monthly median 
| level, there is evidence of the same seasonal trends as were 
| found at Wembley, the difference in level between the best and 
_ worst month being about 10dB. 
| (i) It is of interest to note that, although the measured 
yearly median value of the transmission loss for the Start 
Point-Wembley link was in good agreement with the value 
_ calculated from Reference 2, the corresponding calculated 
_ figure for the Start Point-Witnesham link was 6dB greater 
_ than the measured value. 


_ (4.3) Comparison of Wembley, Witnesham and Slough Results 


The main object in establishing the second receiver site at 
Witnesham was to compare the median signal levels received 
Simultaneously at two sites separated by a fairly large distance— 
in this case 74 miles—under as many conditions as possible, and 
to study the distribution of the difference in level between the 
two signals. From this an idea of the average attenuation rate 
of a tropospheric scatter signal at S-band could be obtained. 
To avoid systematic errors in the comparison arising from dif- 
ferent methods of measuring signal leyel at the two sites, low- 
speed charts, rather than the signal sampling recorder, were used 
to estimate half-hourly median levels for Wembley. 

Fig. 6 shows the variations in the half-hourly medians at 
Wembley and Witnesham for a period of 4 days’ continuous 
recording during November, 1957. The relative behaviour of 
the signals at the two sites indicated by this Figure was the more 
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Fig. 6.—Comparison of the S-band median transmission loss for the Start Point-Wembley and Start 


x—x—x— Wembley. 
O—O—O— Witnesham. 
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usual type observed. On the whole the trends in the two signals 
are similar, but there is little correlation between the detailed 
fluctuations. On occasions, however, the Witnesham signal was 
equal to, or even higher than, that at Wembley, while at other 
times it was as much as 30dB lower. The periods of approxi- 
mately equal signal strength resulted from either an enhancement 
at Witnesham or a decrease in the Wembley signal with the 
general level at the other site remaining substantially the same. 
This suggests that although, in general, the atmospheric condi- 
tions over Southern England are sufficiently uniform to make the 
behaviour of the effective scattering volumes for Wembley and 
Witnesham approximately the same, disturbances can occur 
which are sufficiently localized to affect one of the signals while 
leaving the other almost unaltered. 

It is of interest to compare the diurnal variations in median 
level at the two sites. A summary of the results is given in 
Table 4. 

It is seen that, with a few exceptions, the variations within a 
day arecomparable. The average diurnal variations at Wembley 
and Witnesham are both about 13 dB. 

A histogram of the difference between the half-hourly medians 
at Wembley and Witnesham is shown in Fig. 7; the differences 
range from the Witnesham signal being 7dB above to 33dB 
below that at Wembley. The distribution of the difference is 
approximately normal with a median value of 11-:7dB and a 
standard deviation of 5:8dB. This corresponds to an average 
attenuation rate of 0-16 dB/mile. 

The monthly median values and standard deviations for 
Wembley and Witnesham are plotted in Fig. 8, the Wembley 
results being derived from those periods in which there was 
simultaneous recording at Witnesham. This Figure again 
illustrates the fact that, for the most part, the general trends 
in the signal level at the two sites were similar. 

Apart from the use of 3ft 9in instead of 8ft-diameter para- 
boloids, the D.S.I.R. equipment at Slough was similar to that 
at Wembley, the signal level being recorded on a low-speed 
chart. Records covering about 250 hours and spread over a 
period of about six months were provided by the D.S.I.R., and 
the levels at Wembley and Slough were compared on the basis 
of half-hourly medians. Fig. 9 shows the results of this analysis 
for a period of four days in November, 1957. The graphs are 
typical of all periods examined. The average difference in 
absolute levels is very much what would be expected on the 
basis of aerial-gain differences, while the variations at the two 
sites follow one another quite closely. Fig. 9 should be com- 
pared with Fig. 6, which shows a comparison over the same 


Table 4 
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Diurnal variations in median level 
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Fig. 7,—Histogram—of the difference between the S-band medi 
signal levels at Wembley and Witnesham. i 
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Fig. 8.—Comparison of the monthly S-band median transmission Ic 
and standard deviation for the Start Point-Wembley and Stz 
Point-Witnesham paths. 

x x Wembley. 


O——O Witnesham. “a 


Mean diurnal 


Test period 
number 


variation 


13-0 | 10-6 
36:0 | 15-6 | 16:8 
14-7.) 6:1 | 15:2 
No measurements made 


15-4 
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period between Wembley and Witnesham. Thus, while at 
receiver sites separated by 74 miles it is usually only the general 
trends which are similar, at a distance of about 10 miles, provided 
that the angular path distances are comparable, there appears to 
be quite a strong correlation, at least for a large proportion of 


° 
KS 9S [e) 
| a LY the time, between the detailed variations in median level. 
| x ge 
| Ii fl § Q ae (4.4) Aerial Siting Tests at S-Band 
> " ‘ 3 ES A short series of measurements were made at S-band to investi- 
= xi aR gate the effect of aerial siting. A receiver, identical with that 
& pag ° 3 used at Wembley, was installed at Kenton, Middlesex, on a 
ig | tk 1 8 5 flat roof 30ft above the gound and at a distance of 1-5 miles 
a me 3 from the Wembley site. The Kenton terminal was shadowed 
® iE: Z by Harrow-on-the-Hill, which reduced the receiver horizon 
ial | an . 8 2 distance to 1-8 miles and increased the angular distance of the 
ox “mp Shr path from 25-9millirad for the Start Point-Wembley link to 
< a 54millirad. In addition, the scattering centre for the Start 
Poa ° as Point-Kenton path was about 40 miles nearer the receiver 
re ap g 5 terminal and about 2600 ft higher than for the path terminating 
, # a at Wembley. The two links therefore made use of energy 
a 3 iS scattered from quite distinct regions of the atmosphere. The 
We x ° ae difference in median signal level to be expected is predicted, for 
| B je 2 5 example by the formula of Reference 2, to be about 15-7 dB. 
| = Kes aA About ten days’ simultaneous recording, spread over a 
"4 a g = period of about six weeks, were made at Wembley and Kenton, 
ag = 9 e and the levels were compared on the basis of half-hourly medians 
\ a a 2 estimated from low-speed pen records of the received signals. 
s Bere i I Little correlation was observed between the variations in the 
7s, 2) = median levels at the two sites, indicating that, in general, the 
; eR z a behaviour of the atmosphere cannot be regarded as uniform 
2 FE) over distances of the order of 40 miles. Four periods of ducting, 
gr ese each lasting for several hours, were observed during the tests. In 
a :; & [1 two of these, ducted signals were observed at both sites, the times 
eso) of occurrence and duration of the high signal being approxi- 
s We mately the same at both terminals; on the other occasions 
| oe fil ducting was present once at Wembley and once at Kenton, the 
5 8 ea average level at the other receiver remaining substantially 
= 2 unaltered. In the periods of simultaneous ducting at Wembiey 
a 8 5 and Kenton the increase in level at the latter site was several 
gi r obatcg decibels lower than at Wembley. The distribution of the 
4 x I measured differences in half-hourly medians at the two sites is 
= 5 approximately normal with a median value of 16dB, agreeing 
hipaa 8 = quite well with the predicted value, and a standard deviation 
; Stam of about 4:3 dB. 
Bey 
Oo 
Si 
r 8 = (5) FAST FADING DURING PERIODS OF HIGH SIGNAL 
ne) (L < 135 dB) 
is A detailed investigation of the amplitude distribution of the 
8 s signal over the period of one hour under normal conditions 
b Be rite (L > 135dB) was presented in Reference 1, and was found in 
a g most cases to be similar to that of the amplitude of a constant 
9 g vector plus a Rayleigh vector. Provided that the amplitude of the 
ag 9 & constant vector does not exceed the r.m.s. value of the Rayleigh 
: 5 component, a plot of such a distribution on Rayleigh graph 
~ QO paper is approximately a straight line of slope somewhat greater 
8 i than unity, the value corresponding to the pure Rayleigh case. 
7 wh In this Section some measurements are reported of the signal- 
je amplitude distribution under conditions of very high signal 
(L < 135 dB). 


{200 


Relatively few complete amplitude distributions under high- 
signal-level conditions were obtained, because such signals 
| occurred most frequently around midnight when the receiver 
was operating unattended. The gain of the receiver, set to 
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accommodate the signal towards the end of the afternoon, was 
too high and resulted in loss of information from the signal 
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sampling machine. On the occasions when ducting was antici- 
pated and the gain of the receiver was set to an appropriate low 
value, the amplitude distributions were examined over 15min 
rather than the usual period of one hour. 

Most of the 15min amplitude distributions measured could be 
represented on Rayleigh paper, at least over the 10-90% range, 
reasonably well by straight lines. Several of the distributions, 
together with median values of the transmission loss, L, and the 
mean slopes, S, of the distribution curves are shown in Fig. 10. 
No absolute meaning is to be attached to the abscissa scale of 
this Figure. It is seen that the slopes tend, on the average, 
to be less than unity, the lowest value recorded being 0:6. This 
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is in contrast to the distribution under normal conditions wi 
the slopes were unity or greater. The overall variations in l¢ 
during the high-signal periods were therefore, on the wh¢ 
greater than during normal propagation conditions. 

It is interesting to note that Rayleigh-paper amplitude pk 
which, over a large part of the range, are straight lines of sk 
less than unity, can be obtained by combining n vectors (7 ij 
small integer) of constant amplitude but with phases which | 
uncorrelated and uniformly distributed over 360°. A situaty 


corresponding to this could arise for a link if the signal at 
receiver arose mainly from reflections at a small number 
elevated discontinuity layers. 


The usual scatter signal as) 
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Fig. 
(a) L= 129-8 S$ =0-87. 
(6) L = 129-9 § =0-95. 
(c) L=125:-4 S=0-70. 


10.—15 min S-band signal amplitude plots for a high-signal period at Wembley. 
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(d) L = 133-9 S = 0-93. 
(e) L = 127-6 S = 0-78. 
(f) L= 124-1 S = 0-60. 
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Fig. 11.—Amplitude distribution of the sum of a small number of randomly-phased vectors of equal magnitudes. 


(a)n=2 iS = 0-52. 
()n=3 S=1-05. 
(c) n=4 S = 0-90. 


n = Number of vectors. 
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LEVEL RELATIVE TO THE MEDIAN VALUE, dB 


ie 12.—Amplitude distribution of the sum of two randomly phased 
vectors of different magnitudes. 
(im — 1 
(b) m = 3. 
(c) m = 4. 


= Relative magnitude of the two vectors. 


lated with atmospheric turbulence would presumably still be 
resent, but its median value would be much lower than the 
mplitude of the reflected components. ‘The distributions for 
= 2, 3 and 4 are shown in Fig. 11. It is clear from the graphs 
jat the distribution tends fairly rapidly to the Rayleigh distribu- 
on as n is increased. For m = 2 and 4 the curves are straight 
nes up to the 70% level with slopes of 0-52 and 0-9, respec- 
vely. The m = 3 curve is a straight line up to the 30% level 
jut then shows a pronounced kink. The slopes of all three 
lurves become infinite at a few decibels above the median values 
ince the resultant amplitude cannot exceed the sum of the 
mplitudes of the component vectors. 

The experimental results suggest, on the whole, the 2-vector 
ase, although the measured slopes, S, are never as small as the 
heoretical value. However, the slope for the case n = 2 can 
le altered by varying the relative amplitude, m, of the two vectors. 
‘heoretical plots for m = 4, 3 and 1 are shown in Fig. 12. It 
‘clear that quite a small difference between the amplitude of 
fe two vectors could produce an appreciable change in the slope 
ff the distribution. A signal consisting of two phase-indepen- 
ent components would appear to be a possible explanation of 
t least some of the results obtained under high signal conditions. 
| The only available information about the upper atmospheric 
onditions was contained in the Aerological Reports of the Air 
Ministry. Unfortunately none of the stations at which air- 
orne measurements are made is particularly near the propaga- 
ion path. The two nearest are at Camborne and Crawley, 
vhere observations are made only twice a day and then not in 
ufficient detail to pick out relatively thin discontinuity layers. 
Towever, from the available information a few M-profiles were 
ilotted for periods of very high signal. In several of these there 
vas evidence of discontinuity layers in the height range 
000-5 000 ft. - 


(6) FADING-RATE MEASUREMENTS AT S-BAND 


The fading rate at a given signal level is defined as the average 
umber of times per second the envelope of the received signal 
rosses this level with a positive slope. Some measurements at 
ne median, obtained from high-speed pen records, together with 
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path. 


their correlation with the wind speed at a height of 1500m at 
the centre of the Start Point-Wembley path, were discussed in 
Reference 1. Some further work on this problem has been 
carried out with fading-rate estimates made both by a direct 
count of the number of crossings of a given level from a high- 
speed chart and automatically by using an electronic counter. 
The former method was tedious but had the advantage that any 
peculiarities in the record, such as amplitude modulation due to 
an aircraft in the beam, could easily be detected and discounted; 
in the latter method it was essential that the sampling period 
contained no aircraft effects if an over-estimate of the fading 
rate was to be avoided. A typical high-speed record is shown 
in Fig. 16 of Reference 1. 


(6.1) Fading Rate at the Median Level 


A considerable increase in the number of measurements at the 
median level has led to a revision of the estimates of average 
fading and spread quoted in Reference 1. The measured values 
varied from 0:06c/s up to a maximum, observed under condi- 
tions of gale-force wind, of 14:3c/s. The majority of the results 
were, however, in the range 0:5-6c/s. ‘The mean value of all 
the measurements was 2:49c/s and the standard deviation was 
about 1-Sc/s. The correlation coefficient between the fading 
rate and the component of wind velocity normal to the propaga- 
tion path for the larger sample was 0:49. 

In addition to the above measurements, which were taken at 
a specific time of day to coincide with wind-speed measurements 
near the centre of the path, several days were spent in recording 
the fading rate at regular intervals throughout the period 
0800-1600 hours. In all cases the rate varied appreciably 
throughout the day, a typical range being 1-4c/s, and, in 
general, there appeared to be little correlation with the diurnal 
variations in median level. Two periods were, however, recorded 
in which the variations in fading rate and median level followed 
one another quite closely; in each case weather charts showed 
that a front was across the transmission path and advancing 
towards the receiver from the west. One of these results, taken 
on Ist July, 1958, is shown in Fig. 13 with the logarithm of the 
fading rate plotted against the transmission loss. Most of the 
points are seen to be approximately on a straight line. A 
similar result was found for the second period, although the 
slopes of the lines in the two cases differed considerably. It 
seems, therefore, that, although in general the fading rate and 
signal level are uncorrelated, conditions, perhaps associated with 
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the presence of fronts across the path, can arise in which the 
two quantities are closely correlated over periods of several hours. 


(6.2) Fading Rate as a Function of Level 


The number of times per second the envelope of the received 
signal crosses a level r in a given sense is denoted by N(). 
Rice? has predicted that N(r) will be directly proportional to the 
probability density function of the amplitude of the signal at 
the receiver. The measurements described in Reference 1 show 
that for this link the amplitude distribution corresponds, under 
normal conditions, to the sum of a constant vector plus a 
Rayleigh distributed vector; N(r) should therefore be of the form 


Dey hp 5 
NG) =A ao z) exp [—(1 + )/k2] 
where A is a constant and the amplitude r and the r.m.s. value kg 
of the Rayleigh component are measured relative to the amplitude 
of the constant vector and Ip is the modified Bessel function of 
order zero. The limiting form as the constant vector tends to 
zero will, of course, be the simple Rayleigh distribution. It 
follows, therefore, that, if the quantity 


pr) = [Now 


is expressed as a percentage of ¢(00) and plotted on Rayleigh 
graph paper against the level r in decibels, the curve should 
approximate fairly closely to a straight line. The slope should 
be unity for a pure Rayleigh signal and somewhat larger if a 
background signal is present. 

The function N(r) was determined experimentally for about 
30 different periods, and in each case the curve could be repre- 
sented reasonably well by an expression of the form given above. 
The function ¢(r) was obtained by numerical integration of the 
N(r) curve. The results of six experiments are shown plotted on 
Rayleigh paper in Fig. 14. All the curves can be represented 
reasonably well by straight lines of slopes near unity, in agree- 
ment with the prediction of Rice. 


(7) POWER SPECTRUM AND AUTO-CORRELATION 
MEASUREMENTS AT S-BAND 
The detected signal output from the receiver consists of a 
randomly varying a.c. component fluctuating about a mean d.c. 
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level, the power in the a.c. component being distributed cel 


tion of the a.c. power is concentrated but gives no indication} 
the upper frequency limit beyond which the energy content c} 
be regarded as negligible. A knowledge of this is clea) 
desirable since it determines the frequency response that recoi 
ing apparatus must have if an accurate picture of the si 
variations is to be obtained. 

The average power dissipated in the frequency range (0, g) } 
the detected signal r(f) flowing into a 1-ohm resistor can 
written : 


pare g 
Pe) =F + | wad af 


where .w,.(f) is the power spectrum of the a.c. component } 
the signal. w,.(f) can be most easily evaluated in terms of t) 
closely related auto-correlation function y,,(r) from the relatij, 


wih, =4 Jae cos (2nfr)dr 


where ,,(7) is defined as 


Litas z ‘ 
ac) = 5) [HO — Fleet + 2) — Fae 


T being the interval over which the signal is studied. 

The experimental procedure consisted in estimating the fur 
tion #,,(7) by numerical integration of a high-speed pen recc} 
of the signal over a time T and then taking its Fourier cosil) 
transform, again numerically, to obtain w,(f). Since t) 
propagation conditions can only be regarded as stationary oy 
a fairly short period, different results will be obtained from he 
tohour. This is evident from the results reported in the previc} 
Section on the variation in the median-level fading rate throug) 
outaday. For complete information about the power spectrull) 
experiments should be performed over a wide variety of cc| 
ditions. The amount of numerical work involved makes tl] 
impractical and here only one period of 10sec, which appear; 
to be representative of the more usual type of signal variati 
and which had a median-level fading rate of 2c/s, was studic 

A plot of %,,(7), normalized to y,.(0), for the 10sec peri 
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Fig. 14.—Distribution of the integral of the S-band fading rate with level for the Start Point-Wembley path. 
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i 
vis. 15. “Normalized a.c. auto-correlation function of the S-band 


i detected signal for the Start Point-Wembley path. 


‘kamined i is shown in Fig. 15. The general form is similar to 
‘at of a uniform distribution of power in a narrow band, but, 
inlike the latter case, the zeros of (7) are not equally spaced. 
“he a.c. part of the power spectrum derived from this and 
ormalized to the total a.c. power in the wave is shown in Fig. 16. 
lis expected from median-level fading rate, the a.c. power density 
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lig. 16.—Normalized a.c. power spectrum of the S-band detected 
| _ signal for the Start Point-Wembley path. 


K| 

(or this fairly typical signal has a maximum value in the neigh- 
jourhood of 2c/s. When the calculated value of 7 is taken into 
\ccount it is found that about 75°% of the power is d.c. and that 
‘nore than 99% of the total power lies in the frequency range 
'L50 c/s. 


| (8) DISTRIBUTION OF FADES AT S-BAND 


i A tropospheric link, under unfavourable weather conditions, 
ay ‘be operating with the median value of the signal only a 
ew decibels above the noise level of the receiver. Under such 
“onditions excessively long fades at levels just below the median 
vould severely restrict the usefulness of the system. It is clear, 
\herefore, that an evaluation of the reliability of a communication 
lystem in which the signal fluctuates over a wide range should 
ake into account the distribution of the duration of fades as a 
‘unction of level. A limited amount of work on this problem 
las been undertaken for the S-band Start Point-Wembley link. 
The duration of fades has been estimated both from high- 
peed pen records and electronically. The electronic equipment 
ised a continuously-variable gating circuit in conjunction with a 
Dekatron counter, and was arranged so that only fades of greater 
luration than the ‘gate shut’ time were counted. By gradually 
educing the ‘gate shut’ time an analysis of the distribution of 
he duration of fades could be made. The disadvantge of this 
nethod was that the complete distribution at a given level took 
ip to 45 min to obtain, and it is doubtful whether the conditions 
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remained sufficiently stable over such a period to give very 
accurate results. Far more weight was given to the results 
obtained from high-speed pen records. 


(8.1) Average Duration of Fades at Different Levels 


The average duration of fades below a given level r can be 
written 
Pr[r(t) <r] 


el ormars re 


where N(r) is the number of times per second the detected signal 
crosses a level r with a negative slope. Rice* has shown that, 
for a Rayleigh distributed amplitude, 


2Bv 1/2 : 
Ny ica Nat (Resins —— o—r2/[k2 
N@ ( 7 ) k2 a 


where 


B= 4n?| ao Nf — fo’df 
0 


w(f) is the r.f. power spectrum and fo is the frequency of the 
transmitter. In this case, therefore, 


1/2 2 


If fy is the average fading duration at the median level and & 
denotes the level r measured relative to the median value, it is 
easy to show that 


£(r) 69 69357 — J 
io g 
It should be noted that f/f is independent of the power spectrum 
and depends only on the assumed form of the amplitude distribu- 
tion. A plot of the above equation together with two sets of 


experimental results, one obtained from a pen record and the 
other by the electronic timer, are shown in Fig. 17. Both sets 


° 


: % 


al 
% Ol O02 03 04 O05 O06 OF O08 OF9 10 th t2 


SIGNAL AMPLITUDE MEASURED RELATIVE TO MEDIAN VALUE 


Fig. 17.—Average duration of fades at S-band as a function of level 
for the Start Point-Wembley path. 


© Results from electronic counter. 

x Results from a high-speed chart. 
of results are distributed about the theoretical curve, verifying 
that the signal-amplitude distribution is of the Rayleigh type. 
As expected, the results obtained from the electronic timer 
show more spread than those estimated from the pen records. 


(8.2) Distribution of the Duration of Fades 


A theoretical discussion of the distribution of the duration of 
fades as a function of the level has recently been given in 
Reference 4. In this paper graphs of a function F,(w, r), 
defined as the probability that when a signal r(t) crosses down- 
wards through a level r it will remain below that level for more 
than seconds, are given for various values of r for the particular 
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case of a Rayleigh-distributed amplitude and a Gaussian power 
spectrum 


exp [—(f — fo)?/207] 


1 
Wl = Teas 
The variable u is defined as 7/f(r), and from the previous dis- 
cussion it is clearly a function of the parameter o defining the 
power spectrum. The quantities F,(u,r) and u can both be 
determined experimentally. A comparison of the practical 
curves with those of Rice will give an indication of whether the 
Gaussian form of the power spectrum, often quite arbitrarily 
assumed, is a valid approximation. 

Fade distributions at three levels, determined from a 35sec 
sample of high-speed chart, together with the theoretical curves 
of Rice, are shown in Fig. 18. The record used showed no 
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Fig. 18.—Comparison of theoretical and experimental S-band results 
for the distribution of duration of fades below a given level for 
the Start Point-Wembley path. 


Theoretical. 
O——oO Experimental. 


unusual features, and the fading rate at the median level was 
about 3c/s. There is seen to be quite close agreement between 
the practical and theoretical results. The distributions obtained 
from the electronic timer, although of the same general form, 
did not follow the theoretical curves nearly as closely, possibly 
because of a variation in 7 over the time necessary to obtain a 
complete distribution at a given level. Clearly, before any 
general conclusions can be drawn, many more results obtained 
under a variety of conditions would have to be studied. How- 
ever, the few measurements made suggest that, under normal 
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conditions at least, the assumption of a Gaussian power spectri} 
is probably valid. 


(9) X-BAND MEDIAN LEVEL MEASUREMENTS AND CO] 
PARISON WITH S-BAND RESULTS AT WEMBLEY i) 
The pulsed X-band scatter system between Start Point aj, 
Wembley was put into operation in June, 1958, and propagatill 
data, extending over the period of a year and collected at t| 
rate of a few days recording during each month, has bef 
analysed. The number of hours of recording during each mon | 
is shown in Table 5 i} 
Table 5 


Month, 1958 August 


Number of hours of 36 


recording 


Month, 1959 


Number of hours of 
recording 


i 


It is seen that, with the exception of August, 1958, and Apr) 


accurate picture of the signal variation throughout the year. 
at S-band, the performance of the link was measured by 
hourly median value of the system transmission loss, which w} 
estimated by eye from the pen record of a low-speed recorde 
At S-band, the difference between the hourly median leye 
computed accurately from the counter readings of the sign 
sampling machine and those estimated by eye from a low-spe¢ 
chart was usually less than 1dB. The estimates of the X-bar 
median level may therefore be expected to have an accuracy q 
this order or somewhat better. Whenever possible, the X- ar} 
S-band links were operated simultaneously. In addition jj 
providing a general picture of the propagation at X-ba 
throughout the year, information was obtained about the fr} 
quency dependence of the transmission characteristics of | 
scatter propagation path over quite a wide range of atmospher 
conditions. Further, since aerials of the same size were usé 
in the S- and X-band equipments, a direct comparison of t 
system transmission loss at the two frequencies will provide 
basis for deciding whether, for equipments of comparable bull 
one frequency has a decisive advantage over the other. 
A summary of the variations in the hourly median values ¢ 
the transmission loss at X- and S-band for corresponding perioc 


- of 24 hours and within a month are given in Table 6. It is see 


that the diurnal variations at X-band were comparable to thos 
at S-band, the difference at the two frequencies being typicall 
3-4dB. The averages of the diurnal variations of all th 
measurements shown in Table 6 are, for both frequencies, abou 
14-5dB, while the average values for the month are respectivel 
25-6dB and 30-5 dB at X- and S-band. The measured extreme 
of hourly median transmission loss at X-band were 118 an 
172dB, the range of 53-5dB being of the same order as th 
yearly S-band figure (60dB). The mean variations in hourl 
medians within periods of 6 hours at X-band are shown i 
Table 7. 

These values are only slightly greater than the correspondin 
S-band results and indicate that the X-band signal is, on th 
whole, equally variable throughout the day. 

A variation in hourly median level of more than 20dB i 
24 hours was usually an indication of the occurrence of a ducted 
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Fig. 20.—Comparison of the monthly median transmission loss 
at S- and X-band for the Start Point-Wembley path. 
O——O X-band. 


Table 7 


Period, hours 


0000-0600 | 0600-1200 | 1200-1800 | 1800-2400 


Average variation, dB 


type signal, already described in connection with the S-band 
results, which persisted for an hour or longer. During the course 
of the year such signals were observed at X-band on eight 
occasions, and reference to Table 6 will show that in each case a 
similar signal was also present at S-band. The time at which 
the high-level signal appeared and its duration were almost 
identical at the two frequencies, although the increase in level 
was usually 5-12dB greater at S- than X-band. A plot of 
measured values of the hourly median transmission loss at 
X- and S-band, which includes two periods of ducting, is shown 
in Fig. 19 for a 4-day period of continuous recording. The 
similarity of the variations shows that the slow fading at the 
median level cannot be effectively dealt with on a frequency- 
diversity basis. As might be expected from the similarity in 
median-level variation at X- and S-band, the X-band signal 
showed no well-marked diurnal variation. 

The distribution of the X-band hourly medians within a 
month in which four or more days recording were possible was 
found to be approximately Gaussian. The average value of the 
monthly standard deviation was about 5dB, very nearly the 
same as the corresponding S-band figure. Plots of the monthly 
median values of the hourly medians for S- and X-band for the 
year June, 1958 to May, 1959 are given in Fig. 20. It is seen 
that the seasonal dependence of the signal level is far greater 
at X- than S-band. The range of monthly medians is 17dB 
at X-band compared with 7dB at S-band, the X-band transmis- 
sion loss being a few decibels less than that for the S-band during 
the summer, but, on the average, about 5dB greater during the 
winter months. 

The yearly distribution of the X-band hourly medians, together 
with the distribution for the best (July) and worst (December) 
months are plotted in Fig. 21. For the two months (August, 
1958 and April, 1959) when less than two days’ recording were 
obtained, monthly median values were estimated and normal 
distributions assumed with standard deviations equal to the 
mean value for the other ten months. The X-band distribution 
for the year has a median value of about 152-5 dB and a standard 
deviation of 7:3dB; these figures should be compared with the 
typical S-band values of 151 and 5-5dB. Reasonable estimates 
of the aerial coupling loss at S- and X-band are respectively 3 
and 8dB. Using these figures, it is interesting to note that the 
formula of Reference 2 predicts a median signal level difference 
between the X- and S-band systems of about 4dB. This is in 
good agreement with the measured difference between the yearly 
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Fig. 21.—Yearly distribution of the X-band hourly median tral i 
mission loss for the Start Point-Wembley path. A | ! 

(a) Best month (July). in 

(b) Year. | 

(c) Worst month (December). | 


median values. However, the 6dB discrepancy between ti), 
predicted and measured values of the S-band transmission Iq; 
at Witnesham serves to emphasize that the theoretical deseri| 
tions of scatter propagation, while being extremely useful guiq)) 
to the performance of a proposed propagation link, may, | 
particular cases, be in error by up to 6dB. In practice 
could be quite serious, since it might, for example, mean t}} 
difference between a 10ft and a 20ft paraboloid. 


(10) COMPARISON OF X- AND S-BAND MEDIJAN-LEVE} 
FADING RATES H 

Over the period June, 1958 to May, 1959 about 140 sim} 
taneous measurements of the X- and S-band median-level fadit!) 
rates were made, a sampling period of 2-3 min being used. iI 
addition to spot measurements throughout the year, estimat! 
of the fading rates at regular intervals throughout the pete 
0900-1700 hours were made on several occasions. 

Cumulative distribution plots of the measured fading rat ‘) 
at X- and S-band are shown in Fig. 22; the fading rates hay, 
been normalized to the median values which at S- and X-bani 
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Fig. 22.—Normalized distributions of X- and S-band fading rate 
measured at Wembley. 
O——O X-band. 
x—— x S-band. 


Median fading rate at X-band: 4-8c/s. 
Median fading rate at S-band: 2-4c/s. 
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Wo; respectively, 2-4 and 4-8c/s. The distributions at the two 9 
quencies are seen to be quite similar, with about 90% of the 
}pasurements In each case lying within the range 0-4 to 2-0 times 
je respective median values. 

' The distribution of the ratio of the simultaneous fading rates 
| the two frequencies is of considerable interest. Theoretical 
‘\\scriptions> of the fading of a tropospheric signal have predicted 
at, for a given propagation path, the median-level fading rates 6 
‘ll be proportional to fY where y lies between two-thirds and 


“\ity, the former value being associated with the random self a 
Jotion of the scatterers and the latter with their steady drift uf 
locity. In the present case the ratios of the X- and S-band é 
/easurements would be expected to lie in the range 1-97 and Ze 
4 77. A cumulative distribution plot of measured values of this £ 
itio is shown in Fig. 23. It is seen from the Figure that the 3 
| 
40 2 
3.8 — sibs 
3-6 L 4 } fg : T 
$ 3.4) Sse 
5 
; i 3.2 +— < 1400 ISOO 1600 1700 
2 3.0 G.M.T. 
Sag uk (kal Fig. 24.—Variation of the X- and S-band fading rates during a 3-hour 
4 period measured at Wembley. 
# 26 O——O X-band. 
x > wa) x x S-band. 
Vere 
g 22 ea 7 Tonal estimated from the chart. From this and the known difference, 
w 20 —— AG, between the plane-wave gains of the two aerials, the 
O12 ut difference in aerial-median coupling loss, AL,, for the system 
Beli. using two paraboloids and the system using a paraboloid at the 
transmitter and the horn at the receiver, was calculated from 
i the formula 
12 = + AL, = AG — AL 
ie} 


ire E 10 20 30 40506070 80 90 95 98 99 99.8 : 
PERCENTAGE OF MEASUREMENTS FOR WHICH RATIO. OF FADING In all, 95 estimates of AL WET made, the measurements 


RATES AT XANDS BAND WAS LESS THAN THE ORDINATE extending throughout March, 1959. The spread in the computed 
i values of AL., ranging from almost zero up to a maximum of 
'g. 23.—Distribution of the ratio of fading rates at X- and S-band 12dB, is shown in the histogram of Fig. 25. This distribution 
| measured at Wembley. is very approximately Gaussian with a median value of 4-4dB 
| , and standard deviation of about 2:3dB. Fig. 26 shows values 
ues of 1:97 and 2-77 correspond, respectively, to the 41% of AL. obtained in 13 consecutive periods of 6min: The wide 
id 84% levels, so that only 43% of the measurements lie within | 
Je expected limits. It is of interest to note, however, that the 
\tio of the median values of the fading rates at X- and S-band 
2-0, corresponding almost exactly to the theoretical lower 18 eA 
nit. As might be expected from the large spread in the ratio 
| the fading rates at the two frequencies, there was little 
stailed correlation between the variations in fading rates at 
| and S-band throughout the day. A typical result, showing 


20 


\ pairs of measurements taken over a period of about 34 hours 
| given in Fig. 24. All that can be said is that the general 
ends over this period are similar. 


(11) AERIAL COUPLING LOSS AT X-BAND 


‘In this Section a series of measurements to investigate the 
trial coupling loss of the X-band system are described. At 
le receiver terminal a pyramidal horn of 28-7dB gain was 
lounted on the tower immediately above the X-band para- 
dloid, and a waveguide switch was incorporated in the system CoG LAUR alae aE gv} aor IORtin? yy! 

) allow the receiver to be switched rapidly from one aerial to VALUES OF ALg 

ie other. The signal was received in alternate 3 min periods Se ee ae eT ates AL in, aol 
athe paraboloid and horn, the level being continuously recorded = eouplina loss * 9-640 Gc/s for a system using two 8 ft “paraboloids 
a the low-speed chart. The change in median level, AL, as and a system using one paraboloid and a horn of gain 28-7dB 
\e receiver was switched from the paraboloid to the horn was for the Start Point-Wembley path. 
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Fig. 26.—Variation of AL; with time of day. 


fluctuation in the estimated values of AL, from one period to 
the next was typical of all the measurements made. 

Although AL, is a convenient parameter to measure and 
brings out the time-dependent nature of the coupling loss, the 
quantity of greater practical interest is the coupling loss of the 
system when paraboloids are used at both terminals. Theoretical 
estimates of AL, can be made from References 6 and 7, but the 
average of these is 2-0 dB—nearly 2-5 dB less than the measured 
median value of 4-4dB. A possible explanation of the dis- 
crepancy may be that the effect of ground reflections at the 
receiver terminal introduced a systematic error into the measure- 
ments which led to an overestimate of AL,. In view of this it is 
difficult to deduce from the measurements the coupling loss to 
be expected from the two-paraboloid case. The figure of 8-0dB 
used in Section 9 was reached by averaging the various 
theoretical estimates given in the literature. 

The difficulty arises because the measurements determine a 
small difference between two coupling losses, and even a relatively 
small error can be of considerable significance. The results 
emphasize the advisability, whenever transmitter power permits, 
of arranging that both the receiver and transmitter can be 
switched simultaneously to low-gain aerials so that the coupling 
loss of the original system can be measured directly. 


(12) CONCLUSION 


An S-band signal transmitted from Start Point, using a 
500-watt c.w. magnetron, was monitored simultaneously at 
Wembley and Witnesham by identical receivers, the distances 
from the transmitter in the two cases being 173 and 247 miles. 
The median values of the system transmission loss at the two 
sites over the period of about a year were, respectively, about 
151 and 162dB. In each case the hourly median values of the 
transmission loss over a month or longer were approximately 
normally distributed with a standard deviation of about 5dB. 
The variations in median level at the two sites usually showed 
the same general trends but there was little correlation in the 
detailed fluctuations. However, measurements were made when 
the median signal at Witnesham was in some cases higher and 
in other cases as much as 30dB lower than that at Wembley. 
The median difference in hourly median levels at the sites was 
11-6dB, corresponding to an average attenuation rate of the 
S-band scatter signal of 0-16dB/mile, in agreement with other 
reported measurements. The transmission was also monitored 
by the D.S.I.R. at Slough, about 13 miles from Wembley; the 
median levels measured simultaneously at these two stations 
were, in general, quite highly correlated. Experiments com- 
paring the signal received over the same path at good and bad 
sites showed. that the average difference in level could be esti- 
mated approximately from the angular path distances corre- 
sponding to the two sites. 
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Simultaneous measurements of S- and X-band transmissil 
over the Start Point-Wembley path were made for the perio 
a year. The variations in hourly median values of the sys! 
transmission loss were, on the whole, very similar at the 1 
frequencies; periods of ducting observed at S-band were dul, 
cated, both in time of occurrence and duration, almost exai) 
at X-band, although the increase in level under such conditil 
was usually somewhat greater at S- than X-band. A seasoj 
dependence, the signal being higher in the summer than } 
winter, was observed at both frequencies. The X-band dep 
dence was, however, greater than at S-band, the yearly rang¢ 
monthly median values of signal level being 17dB at X-bz 
compared with an average of 7dB at S-band. The yez 
median Value of the system transmission loss at X-band 
about 153dB. 

The ratio of the X- to_S-band fading rate at the median si 
level was found to-vary over quite a wide range, less than 5 
of the measured values falling within the predicted limits. 

At S-band, the fading rate was studied as a function of l« 
and was found to have the same distribution as the amplity 
of the detected signal. A limited amount of work on 
distribution of the duration of fades below a given level sugg¢| 
that the frequently made assumption, that the r.f. power spectr} 
of an incoming scatter signal is Gaussian, is probably valid un} 
normal propagation conditions. | 

An auto-correlation analysis of a fairly typical sample o} 
high-speed pen record of the S-band signal showed that, un} 
normal conditions, 99% of the total energy of the detected sig} 
was contained in the frequency range 0-50c/s. : 

Measurements at X-band indicated that the coupling loss} 
an aerial system varies with time over a wide range. 
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rs SUMMARY 

The reflectors are deep paraboloids having axially oriented dipoles 
the foci. Odd-function aperture distributions and radiation patterns 
} derived by approximate methods and are compared with an 
derimental polar diagram. In spite of a null along the axis, strong 
apling at short range is observed between two aligned aerials. This 
associated with a coupling diagram of abnormal directivity, which 
ly be explained by a principle of field-fitting between the incident 
(d and the normal aperture distribution. A reduction of Maxwell’s 
dations in paraboloidal co-ordinates to Bessel’s equation is appended. 


LIST OF SYMBOLS 


| 4a = Latus rectum. 
7(y) = Aperture distribution; variation of electric field 
) intensity. 
| ¢, = nth component in Fourier series. 
@ = Polar co-ordinate measured from dipole axis. 
A = Wavelength. 
u = (sin @)/A. 
| b= Aperture width. 
G(u) = Fourier transform of F(y). 
| T= A displacement on the y-axis. 
1T) = Convolution of F(y) and G()). 
Pr = Powers received and transmitted. 
v, @ = Paraboloidal co-ordinates. 
__ 1=A scaling factor. 
, z = Polar co-ordinates. 
_ G = Gain and an intermediate vector. 
_ @ = Angular frequency. 
), o = Permittivity and permeability of free space. 


l 
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(1) INTRODUCTION 


Tt is customary for the dipole-in a paraboloidal reflector to be 
aced at the focus and perpendicular to the axis of revolution. 
te reflecting surface does not extend beyond the focal plane. 
lit did, radiation by paths including reflections from certain 
bas of the inner and outer parts of the surface would arrive 
‘a distant point in antiphase. Looking into the aperture, the 
nduction currents would be equivalent to a dipolar current 
stribution in the directrix plane. 

If the dipole is perpendicular to the axis of revolution, two 
the directions of strongest primary radiation are trouble- 
me. Primary radiation towards the apex creates a standing 
ive which is such that, during a test with axial motion of the 
dole, the geometrical focus may be masked.! In the opposite 
fection is non-reflected primary radiation. To prevent its 
‘erference with intended reflections from the paraboloid, a 
Ww obstacle is often introduced in the centre of the aperture 
at is being illuminated. A dilemma then arises regarding the 
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size of the obstacle, for it obstructs reflections from the central 
regions of the paraboloid as effectively as it shrouds the dipole. 

These problems are transformed when the dipole is put along 
the axis of revolution. The directions of zero primary radiation 
are just those which were formerly troublesome. There is no 
change of phase in reflections as the focal plane is crossed, and 
the paraboloid need not therefore be shallow. The dipolar 
distribution is exchanged for a symmetrical radial pattern 
resembling the cross-section of an Ey) waveguide mode. The 
symmetry holds promise of a simplified solution to Maxwell’s 
equations. These attractive properties of axial excitation are 
offset by the realization that the radiated field along the axis is 
necessarily zero, since the aperture distribution is an odd func- 
tion. This means that only hollow beams of radiation are 
possible. 

Experimental results for parabolic reflectors with transverse 
dipoles are plentiful. Those given by Moullin! are accompanied 
by a critical discussion of the employment of parabolic surfaces 
at non-optical frequencies. 

The solution of Maxwell’s equations inside a deep paraboloid 
of revolution is performed by Pinney”>? in terms of Laguerre 
polynomials. Another solution in the form of complex integrals 
is given by Shalshaya‘* for the case of a transverse dipole. In 
the Appendix of the present paper, it is shown that a solution 
could be expressed in terms of Bessel functions for the Eo 
configuration. 

Another object of the paper is to consider the coupling 
between two identical paraboloids with axial excitation. This 
may take the form of a coupling between main lobes, requiring 
each paraboloid axis to be offset from the line joining the aerials. 
Such a coupling reveals the normal polar diagram when one of 
the aerials is turned. A more interesting form of coupling results 
from alignment of the paraboloids on a common axis at short 
range. The radial field pattern transmitted by one aerial then 
fits the similar pattern demanded by the other, as if there were 
two cartwheels sharing a common hub. Strong coupling is to 
be expected.» If one of the aerials is now turned, a rapid 
weakening of the coupling occurs, since the patterns fit badly 
together, like cartwheels with eccentric hubs. Questions arise 
concerning the prediction of the modified polar diagrams, the 
possible achievement of enhanced directivity without super-gain 
technique, and the efficient reconcentration of energy at the 
second focus. 


(2) APPROXIMATE THEORY FOR THE RADIATION 
PATTERNS 


(2.1) Estimation of the Aperture Distribution 


If the electric and magnetic field strengths were known over 
an aperture plane enclosing the mouth of the paraboloid, the 
radiation pattern could be found. A first attempt at the aperture 
distribution is made in terms of geometrical optics (Fig. 1). 

We express the equation to a cross-section of the paraboloid 
in rectangular co-ordinates 
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Fig. 1.—The parabolic profile. 


(a) The black area represents the primary polar diagram of the dipole. 
. (®) The lightly hatched area is the aperture distribution derived from (a) by pro- 
jection on to the directrix plane. 


The primary radiated field strength from the dipole is approxi- 
mately proportional to (sin @)/r, where @ is measured from the 
axis, and is related to the rectangular co-ordinates by the 
equation , 


fai) Oe os | (i 
a—x 


Combining eqns. (1) and (2) and solving in terms of y and 
sin 0, we have 


day . 2 |" 
FU) =| (4 +y Siaplale( Sy 


F(y) is the variation in field strength across the aperture plane 
on the supposition that rays travel along a radius from the 
dipole to a point on the parabolic surface and are reflected 
parallel to the axis, total path lengths being the same for all rays 
which emerge co-phased in the aperture plane. F(y) is taken 
to be zero outside the radius of the finite aperture, and the 
contribution from non-reflected primary radiation is ignored. 


(2.2) Fourier Transforms 


The transform of eqn. (3) would lead to the radiation pattern, 
but the integral does not appear to exist in closed form. In the 
absence of the direct transform, F(y) is analysed into sinusoidal 
components numerically for the particular case where the 
aperture radius is equal to 4a. Only odd sine terms occur and 
these are given by the equation 


ae eae (a . rm) (Fay +9] ay. (4) 


The first, third and fifth components are in ratios 100 : 17 : 4. 
The transforms of the separate components are given by the 
following integral, using b for aperture width and u = (sin 6)/A: 


2 a0 ny 
GW = | sin Ce OVI ety ae) 
pb 


= bna sin bu 
~ (nm)? — (abu)? 


The notation follows that of Ramsay,® and eqn. (6) extends 
his results. Curves illustrating the first, third and fifth com- 
ponents are shown in Fig. 2. They are odd functions with two 


(6) 


Fig. 2.—Fourier transforms of (sin 27ny)/b — 46 < y < 4b. | 


Vertical axes, G(u)/b. eA 
Horizontal axes, mbu. i | 


(a) n=1; (0) n=3; (CS) n= 


main lobes, which move further from the origin the higher t 
value of n, in which respect they repeat the behaviour of the 
even counterparts.> 
An approximate resultant transform appears in Fig. 3 
numerical combination of these first three terms of the seri 
Further continuation of the series is hardly justified in view | 
the geometrical-optical approximations in forming the apertu 
distribution. | 
(2.3) Convolution of the Fourier Transform with the Apertu 
Distribution 


The coupling that is achieved between two aerials is believs 
to be dependent upon the product of the field the receiving aeri 
actually encounters and the field it can best use.>»8 The Jatt 
has the form of the aperture distribution during transmissio 
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|. 3.—Fourier transform of the approximate aperture distribution. 


sept that it is a travelling wave in the opposite direction. Let 
y) of eqn. (3) be taken as the desired, or ‘complementary’, 
ld in the aperture plane of the receiving aerial. 

Given an aperture width exceeding 10A it is usual to accept 
+ Fourier transform as the radiation pattern, since cosine 
‘tors vary relatively slowly. Further, if @ is small enough to 
‘replaced by sin 0, the incident field at finite range may be 
resented as the Fourier transform with y as the independent 
tiable. For, 

\ u = (sin A)/A ~ O/A ~ y/raA 


d we may write 
G(u) = G(y/rA) = Gy) 


Let the transmitting aerial now be turned through an angle 0. 


ig. 4). The distribution incident upon the receiver is shifted 
} 


Fig. 4.—Misaligned paraboloids to illustrate the convolution of 
aperture distribution and radiation pattern. 


a displacement, 7 ~ r@, ona scale of y with origin fixed at the 
atre of the receiver aperture. Taking the products of the two 
tributions and integrating with respect to y over the aperture 
dth for a series of displacements T, we generate the convolution 
egral O(T). ig 


OT) = JEQe' Berane: (4. (1) 


(7) represents the variation in power received and might be 
med a coupling diagram as distinct from a polar diagram. The 
upling diagram is a function of range and depends upon the 
lar diagrams of both aerials, which participate in the coupling. 
, Vor. 107, Part B. 
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G(T) is not intended to give the absolute power transferred. 
For this purpose a scaling factor would have to be included and 
the absolute level of F(y) would be required, which would itself 
require knowledge of the power transferred. Eqn. (7) is also 
oversimplified in its one-dimensional form. As it stands it 
applies to a related problem of parabolic cylinders, where nothing 
varies along the third co-ordinate axis. In the paraboloid-of- 
revolution problem, the equation represents conditions over a 
thin slice across the aperture, taken along the line joining the 
hubs of the cartwheel picture. 

A numerically evaluated integral is illustrated in Fig. 5(6). This 


2 
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~6 -4 2 


e) 
DEGREES 
Fig. 5.—Computed coupling diagrams. 


(a) Convolution of one cycle of sine wave with its Fourier transform. 
(6) Convolution of the approximate aperture distribution with its Fourier transform. 


is a convolution of F(y) from eqn. (3) and G’(y) from Fig. 3. 
A range of 5m is chosen, since it causes the first zero in G’(y) 
to occur at the edge of the aperture, when there is no displace- 
ment. Thirty-two ordinates are taken of each function over the 
aperture plane; these are paired according to the particular 
displacement and are then multiplied with summation of products 
to yield one point on the coupling diagram. 

The coupling diagram is an even function with principal 
maximum at the origin, whereas both of the functions from 
which it is derived are odd and zero at the origin. 


(2.4) Attenuation with Range 


In the common-axis arrangement there is what might be 
described as a critical range at 5m, which is the greatest separa- 
tion for which the main lobes of the transmitted power fall 
within the aperture of the receiver. Beyond this the receiver 
finds itself in the hollow of the beam and there is a marked 
reduction in the coupling. 

The coupling diagram may be imagined as the result of 
scanning the radiation pattern by a small aperture containing the 
sine-like curve of the receiver’s complementary field. The 
scanning aperture diminishes in relation to the radiation pattern 
as range increases. At extreme range the receiver registers with 
virtually linear segments of the radiation pattern and its response 
depends on the slope of the segment. Thus at infinite range the 
coupling diagram is the ordinary polar diagram differentiated 
with respect to the polar angle. 

Near the origin G(u) is asymptotic to a straight line, which 
implies that the strength of the radiated electric field is directly 
proportional to the angle subtended at the transmitter by points 
near the axis. The same behaviour is to be expected of an exact 
solution. Thus the electric field in which the edge of the receiving 
aperture is situated is a function both of range and bearing. 
If the paraboloids are coaxial and the range is doubled, the 
bearing from the edge is halved. It follows that the electric field 
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incident upon the receiver diminishes inversely with the square 
of the separation. This effect prohibits the useful employment 
of the coaxial arrangement beyond the critical range. 


(3) EXPERIMENTS WITH TWO DEEP PARABOLOIDS OF 
REVOLUTION 


(Shi ” Apparatus 


The paraboloids are of 7sin spun aluminium with a a 
rim 4in thick. The roy ee is accurate to at least ;5in, 
is proportioned as in Fig. 1 with dimension a equal to 4in. 
Thus the radius of the aperture and the depth from apex to 
aperture plane are both 16in. The appearance is that of outsize 
car headlamps rather than aerial reflectors, which are invariably 
shallow. If the surfaces had been terminated in the focal plane, 
50% of the primary radiation would have been intercepted. 
As it is, 85% is intercepted, but to increase this figure still further 
would require a disproportionate increase in the amount of 
metal. 

The dipole and its feeder are made from 4in diameter rigid 
brass tube, which carries the insulation and inner conductor of 
a coaxial line through a hole at the paraboloid apex. The inner 
conductor terminates on a 0:653cm length of the tube, making 
half of the dipole. This is rather less than 4A at 3-3cm, to 
allow for the thickness of the dipole. The other half of the 
dipole is the outside of the feeder tube backed by a +A sleeve. 
An arrangement of platforms held by three taut wires from the 
rim positions the feeder tube behind the apex. 

At the transmitter is a square-wave amplitude-modulated 
klystron. At the receiver detector, audio-frequency amplifiers 
and a valve voltmeter provide the sensitivity. 


(3.2) Polar Diagrams 


In Fig. 6 is shown the ordinary experimental radiation pattern 
of one of the paraboloids. This is taken using a horn as receiving 
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Fig. 6.—An experimental radiation pattern. 

aerial in preference to the other paraboloid with misalignment. 
A third pair of lobes of significant amplitude is predicted by the 
approximate theory, but these are not found to exist. Otherwise 
the experimental diagram is substantially as expected. 

Starting from axial alignment at the critical range, and turning 
one of the two paraboloids, the coupling diagram of Fig. 7 is 
plotted. The apparent half-power beam-width is 3° 18’ and no 
side-lobes beyond the first pair are observed. Similar results at 
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Fig. 7.—An experimental coupling diagram at 5mrange. —j) 


other ranges are 2° 30’ at 750cm and 1° 55’ at 250.cm. he} 
figures compare with an expected width of 2° 38’ from the coj 
volution recorded in Fig. 5 and are in marked contrast wil 
the actual width of the hollow beam, which exceeds 10°. 


(3.3) Variation of Coupling with Range 


An estimate of the efficiency of transmission may be made 
as to exclude losses in the feeder cables and in the resistance ( 
the dipoles: 


(a) The complete aerials are aligned physically for maximi 
coupling. Each aerial takes a turn as transmitter in order 
matching to the feeder cables may be performed conveniently. — 
matched detector is then fitted to the receiver and the ampli 
output from it is recorded. 

(b) The dipoles are separated from the paraboloids by sliding 0} 
their feeder cables. They are then employed as transmitter ar 
receiver directly with normal orientation, and the range is adjust 
until the detector delivers the former output, after matching hi 
again been checked. 

“(c) The original arrangement is restored to assess the re 
ducibility of results. 7 


A typical result is that the dipoles alone, separated by 8 
give the same transfer of power as they achieve at 25701 
when placed at the foci of the paraboloids. This corres 
to an overall power gain of more than 10° with respect 
pair of unaided dipoles at that range. The coupling bet 
the dipoles may be calculated in terms of the inverse-sq 
law and the absolute gain G of a dipole: ' 


Pr Gr i 
P, T Ey 4or 
Thus, without assuming an inverse-square relation for th 


paraboloids themselves, their efficiency of transmission may t 
estimated: b 


aration between aperture ps 12535) 10) 20) “30imetres 
iciency of transmission .. m0) 245 14. 323) 0-6) 0-11 


The worst experimental error of +4° is in the first result, 
here the coupling is high and the initial trim is difficult to 
produce exactly. If the whole of the power carried by the 
un lobes were transferred, efficiencies of over 83°% would be 
pected from the approximate theory. A curve of relative 
|wer received against separation is shown in Fig. 8. Beyond 
iP critical region of 5m the power decreases more rapidly than 
would for any normally polarized system, which would obey 
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Fig. 8.—Variation of coupling with separation. 


®inverse-square law. With axial excitation, field strengths are 
pected ultimately to diminish as 1/r? and powers therefore as 
‘4. The observed diminution is not quite as rapid as this, 
iit earth reflections are suspected of raising the received power 
\the larger separations. 


(4) DISCUSSION 


(The deep paraboloid with an axial source is an object of 
‘auty and symmetry. Mathematical solutions of the field 
uations within it are a whole order simpler than solutions for 
transverse source. Even so, an exact expression for the 
Jerture distribution requires Bessel functions, and the radiation 
ittern promises to be at least-as complex. However, we can 
| reasonably certain that both aperture distribution and 
diation pattern are odd functions which do not deviate 
arkedly from those associated with one cycle of a sine wave. 
Two aligned paraboloids provide an example of reception 
jaere the incident field is not a uniform plane wave. The 
\riation of coupling is estimated by a process of convolution 
‘tween the aperture distribution of one aerial and the radiation 
lttern of the other projected on to the remote aperture. A 
lupling diagram, which is notably different from and sharper 
lea the ordinary polar diagram, is predicted and verified 
perimentally. 

The final directivity is, however, no greater than that of 
liformly illuminated apertures of the same size. Indeed, the 
lactical prospects for axial excitation are severely limited, 
cause the field near the axis diminishes so rapidly (as 1/r? for 
fixed displacement from the axis). “Only inside a critical 
nge, which allows the main lobes to be intercepted, is strong 
tupling experienced. Here, there may possibly be latent 
\plications to efficient power transfer and to short communica- 
dn links with relative freedom from plane-polarized interference. 


DONALDSON, FRENCH AND MIDGLEY: PARABOLOIDAL REFLECTORS WITH AXIAL EXCITATION 


551 


(5) ACKNOWLEDGMENTS 


The authors wish to express their gratitude for facilities 
provided, and interest taken, by Professor E. G. Cullwick in 
the University of St. Andrews, and for help with mathematical 
problems from Dr. G. H. Toulmin. 


(6) REFERENCES 


(1) Mow un, E. B.: ‘Radio Aerials’ (Clarendon Press, Oxford, 
1949), p. 429. 

(2) Prnney, E.: “‘Laguerre Functions in the Mathematical 
Foundations of the Electromagnetic Theory of the 
Paraboloidal Reflector’, Journal of Mathematical Physics, 
1946, 25, p. 49. 

(3) PInNgy, E.: ‘Electromagnetic Fields in a Paraboloidal 
Reflector’, ibid., 1947, 26, p. 42. 

(4) SHArsHayA, I. P.: ‘The Electromagnetic Field of a Dipole 
Situated Inside a Parabolic Reflector’, U.S.S.R. Journal of 
Technical Physics, 1955, 25, p. 2371. 

(5) Mipciey, D.: “The Re-radiation of an Electromagnetic 
Horn’ (in preparation). 

(6) Ramsay, J. F.: ‘Fourier Transforms in Aerial Theory, 
Part II’, Marconi Review, 1947, 10, p. 17. 

(7) ScHELKUNOFF, S. A.: ‘Applied Mathematics for Engineers 
and Scientists’ (Van Nostrand, 1948), p. 159. 

(8) Brown, J.: ‘A Generalized Form of the Aerial Reciprocity 
Theoren’, Proceedings LE.E., Monograph No. 301 R, 
April, 1958 (105 C, p. 472). 


(7) APPENDIX 
Solution of Maxwell’s Equations in Paraboloidal Co-ordinates’ 
Co-ordinates u, v, @ are taken, such that curves of u and 
v constant are confocal paraboloids with focus at the origin 
and curves of ¢ constant are intersecting planes on the axis of 
revolution. They are related to cylindrical co-ordinates r, ¢, 
z thus: 


Goa i VO). silekeaeccueniaue.. oO) 


From the symmetry of an axial excitation system and from 
experience with similar cylindrical cases, we know that the only 
component of H is Hy, which must satisfy the equation 

curl curl Hy = weyuyH (10) 


Let us write the components of curl H in terms of a vector G: 


1 oHv 
Cima a oe 2lwr/(u2 + v?) 5 (OH. a) — win od oy 
1 20H, 1 
Ce Eoin bbs nla? 02) du si) a2 
G, = curl, H = iets 
ee WEEP) 
Lig ip day ots hay euy PRUE Oy Ts (13) 
ou fs, “4 


The expansion of [curl G], has the form of eqn. (13) and 
requires substitution from eqns. (11) and (12): 


Pe * a aCe + 2) 1s ne 4 iy 


(14) 


curl Gy 
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This is curl curl H and may be equated with the right-hand side Let yey, 
of eqn. (9) and expanded thus: Pp 
1 I k = 2wy/(Eopo)l 
2 Pha where wr/(Eolo 
oreotolls = ~ 4RG2 + v) 
Then put eb as pitts 
Hy. 1 0Hg) OHy. JHa 1 Og Odds dv dx dv dx” 
ered See Te ee \s pars) 
ur u ou ou? v=  v w ov? 2 @2 d 
and ll ca gf 
dv2 ax? dx 


To separate the variables we now postulate a trial solution } 
in the form H, = UV, where U is a function only of u, and V_ Eqn. (16) is multiplied throughout by v? and results (20) i 
is a function only of v. (21) are applied: | 

Identical separate equations are found for U and V: 


2 
. eae - ie + ie + vtk*y —y =0 
O05 Va le OK ; | dx dx dx 
ae aaa De. + (40 EoLol Sia 3) V a 0 . (16) i ees } 
v Vv Ov v Making use of eqn,-(18) and dividing throughout by 4, 


arrive at a-standard form of Bessel’s equation of order one-hj 
This equation has solutions in the form of power series, but it ; | 
is so reminiscent of Bessel’s equation that the following sub- d*y 1 dy a @ 1 y=0 
stitutions are tried. dx* x dx 22x2 ; 
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A PHYSICAL CLASSIFICATION OF ELECTROMAGNETIC WAVES 
By Prof. H. E. M. BARLOW, Ph.D., B.Sc.(Eng.), Member. 


(Communication received 24th August, 1960) 


In homogeneous media it is possible to recognize in the independent parallel conductors is, in general, capable 
broadest sense three and only three distinctive types of electro- supporting a hybrid TEM/surface wave, and when there 
magnetic wave. These are (i) the TEM wave in which, as the sufficient spacing between the conductors a superimpos 
name implies, there are no longitudinal components of either the ‘waveguide’ mode. { 
electric or the magnetic fields, which remain constant in phase The surface wave can be conveniently regarded as taking 
over the wavefront, (ii) the surface wave in which at least one of _ place in our classification which is intermediate to the TEM ai 
the field components over the wavefront is evanescent, suffering the waveguide modes. Thus the TEM wave has no wé 
continuous decay in amplitude without change of phase, and distribution of any kind over the wavefront, the surface wé 
(iii) the so-called waveguide modes characterized by a transverse has an evanescent distribution and the waveguide mode 
standing wave over the wavefront. It will be apparent that by standing wave. As a consequence of this classification it is 
‘wavefront’ is meant in all cases an equi-phase surface. the waveguide mode that is subject to a cut-off. Strictly speakii 

The first of these types is usually regarded as only associated a surface wave cannot exist as a pure mode if there is more thi 
in pure form with free-space propagation, but if we accept the one finite boundary condition to satisfy. As a corollary, t 
description TEM as applying to any given point over the wave- waveguide mode requires at least two boundaries, and thé 
front, instead of over the wavefront as a whole, guided waves of may be represented by interfaces between the propagati 
this kind supported by twin-conductor transmission lines are medium and either two different parts of the same guide or t) 
also included in the group. It must be recognized, however, that distinct structures which together form the guide. | 
with any such guided-wave system there are two boundary Most guided-wave systems are designed to give predomina 
conditions to satisfy, and consequently a waveguide mode is support to one of the three distinctive types of wave giv 
also possible when the spacing of the conductors is greater than _ separate classification here, but, in fact, a hybrid wave is genera 
half a wavelength. Moreover, if one conductor has a highly produced incorporating a mixture of all three. If the co 
reactive surface, a close approximation to a surface wave may be_ ditions are suitable for the support of a waveguide mo 
formed in proximity to that conductor, the corresponding field this tends to be more strongly excited because of its resona 


decaying in amplitude so rapidly with distance from the boundary nature. s 
surface concerned that the second conductor has no very sig- In analysing the behaviour of a given supporting structure 
nificant effect. a waveguide, it is therefore of special interest to resolve tf) 


The fact remains, however, that a guide consisting of two field equations, if possible, into three parts, representing #) 
Sa = EEE” © Uiree stypesaofuwave separatelyirecopnizabiesbysigemc =a 
LS a i aie a is Pender Professor of Electrical Engineering, University College, characteristics suggeste d, 


| 
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| SUMMARY 

| Electrical reflection on telephone circuits having appreciable times 
| propagation can cause delayed sidetone effects subjectively similar 
jecho. The variations in subjects’ tolerance of this echo is examined 
(perimentally as a function of echo attenuation and delay. The dis- 
‘sion of tolerance between subjects is also considered, and this 
elds information in a form suitable for planning telephone networks 
) that echo will not cause excessive inconvenience. 


| (1) INTRODUCTION 


Reflections in telephone circuits, principally due to necessary 
»mpromise balancing at 4-wire/2-wire hybrid connections, can 
‘turn speech signals to the sending end. If the propagation 
ime is appreciable the reflected signals, if not sufficiently 
ltenuated, may give rise to a delayed sidetone effect perceptible 
) the talker and termed ‘echo’. Multiple reflections similarly 
lay give rise to spurious delayed signals which the listener may 
ear at the receiving end. In practice if talker echo, as the 
irmer is called, is reduced to acceptable proportions, listener 
tho, being generally subject to greater attenuation, is unlikely 
) cause trouble. The present investigation is concerned only 
ith talker echo. 

When echo is present on a telephone connection it will have 
‘me adverse effect upon the opinion of the customer using it. 
lot all subjects will be inconvenienced to the same extent, some 
sing more susceptible than others. Even a call between two 
\ven stations may encounter, on different occasions, a different 
egree of echo owing to unavoidable variations in the plant. 
i general, a telephone network must be planned so that echo 
ill not be present to a deleterious extent except in a very small 
foportion of calls. To achieve a design which will ensure 
lis desirable state of affairs, information must be available on 
\e dispersion of tolerance to echo among customers as well 
| knowledge of the extent of variation of physical charac- 
ristics of the telephone network relevant-to the production of 
ho. 

Of the prior information? available, the C.C.I.F. curve 
ee Fig. 1) relates permissible echo-path attenuation to delay 
it the connexion between the terminal exchanges involved in a 
unk telephone call. No information is available concerning 
e degree of discomfort or inconvenience involved nor is the 
Spersion of the subjects’ tolerance revealed. Such information 
the form of a ‘limit’ could be applied when a particular indi- 
dual physical connection was being considered; it is not 
laptable for the broader purposes of comparing the relative 
erits of different complete networks (each consisting of an 
igregate of connections). 

The Bell Telephone Laboratories curve (see Fig. 1) is based 
1 the level of talker echo to be ‘commercially tolerable’, i.e. 
Scernible but not objectionable. The standard error is quoted 
dB), but the number of subjects and other details are not, so 
at it is not possible to deduce the ‘between subjects’ standard 
viation. 
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Fig. 1.—Relationship between minimum permissible echo-path 
attenuation and round-trip delay. 


(a) Bell Telephone Laboratories. 
(6) C.C.L.F, (now C.C.I1.T.T.) proposals. 


(2) QUANTITIES MEASURED EXPERIMENTALLY 


In measuring the effects of talker echo in the laboratory, 
chief reliance was placed upon the opinions expressed by 
subjects after they had read a set passage or otherwise spoken 
into a telephone connected to apparatus simulating echo but 
not connected to a distant party. After each reading each 
subject was asked to say whether or not echo effects were per- 
ceptible, and if so, whether or not they would be thought 
objectionable if encountered on an ordinary telephone call. 

An opinion lying within one or other of the three categories 
‘not perceptible’, ‘perceptible but not objectionable’ and 
‘objectionable’ was thus obtained for each combination of 
subject and circuit condition tested. By varying one or more 
physical stimuli (usually echo-path sensitivity*) between readings 
and observing how the opinions were affected, estimates in 
terms of circuit parameters were obtained of the inter-category 
boundaries corresponding to ‘just perceptible’ and ‘just 
objectionable’ echo. 

The speech voltage produced in the telephone circuit by each 
talker was measured, and also, in some experiments, the time 
taken to read the set passage. The way in which these quantities 
were affected by changes in stimuli could thus be examined. 

One experiment was of a conversational type,> and in this 
subjects conversed with one another in pairs by means of a 
telephone circuit in which talker echo could be simulated. 


(3) MISCELLANEOUS EXPERIMENTAL FEATURES 


In all the experiments undertaken, talker echo phenomena 
were simulated by means of a magnetic-drum audio-delay 
device capable of producing delays having any value between 8 
and 64 millisec. 

Most tests incorporated a laboratory telephone circuit, 
specially built for subjective experimental work, which ter- 
minates on handsets using electromagnetic earphones and 
microphones. Although similar in appearance and feel to an 

* In the testing of speech links interest is focused on complete paths from the 
talker’s mouth to his correspondent’s ear or, in the case of sidetone or echo, to his 
own ear. It is convenient to consider the performance of such a path or any part of 


it in terms of sensitivity rather than attenuation because it consists generally, not only 
of an electrical portion, but also of acoustical portions and transducers. 
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ordinary telephone so far as the subjects are concerned, its 
response is free from non-linear distortion and in the range 
300-3 400 c/s is independent of frequency. It is basically a 4-wire 
system, and independent adjustments to experimental stimuli, 
notably the sensitivities of the sidetone and echo paths, were 
accordingly simplified. 

Other tests were conducted using a commercial telephone 
circuit typical of the British Post Office network; in those cases 
telephone sets Type 13-2P-27 were used with either zero or 
average subscribers’ lines. 

In some of the talking tests a key was provided by means of 
which each subject could at will connect or disconnect the echo 
simulating path as an aid in deciding whether or not echo 
effects were present. In comparison with tests in which no such 
key was used, however, neither the level of the threshold of 
perception of echo nor the standard error of its measurement 
was significantly reduced. 

All the talking tests were performed in the absence of room 
noise, this being the most adverse ambient condition from the 
point of view of echo. The conversational test attempted to 
simulate average conditions, and a room noise of typical spec- 
trum was used at a level of —50dB measured with an American 
sound-level meter. The effects of room noise were not thought 
likely to be very large and were not, therefore specifically 
studied. 


(4) PHYSICAL STIMULI STUDIED AND THEIR EFFECTS 
ON SUBJECTIVE OPINIONS 

In all the experiments conducted, the primary controlled 
variable was the air-to-air sensitivity of the overall echo path. 
In the practical situation this path would comprise the sending 
direction of the telephone circuit, the line, the remote unbalance 
and so back to the talker in the receive direction. The sensitivity 
was adjusted in random sequence to each of a range of pre- 
arranged values, observations being made at each setting. 
Other sets of observations were then made using different 
settings of other circuit parameters. 

Fig. 2 shows the results of a series of sets of observations of 
subjects’ perception of and objection to echo conducted at a 
number of values of echo delay. It can be seen that, as the 
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AIR-TO-AIR SENSITIVITY OF OVERALL 
ECHO PATH, 


= ROUND —-TRIP DELAY, MILLISEC 
Fig. 2.—Effect of round-trip delay on median inter-category 
boundaries of talker echo, using laboratory telephone. 
Data for zero delay were obtained by varying sidetone sensitivity. At other delays, 


sidetone sensitivity was +13 dB rel. m.a.p. (i.e. relative to the setting giving a loudness 
equivalent to that of a metre air path.5) 


RICHARDS AND BUCK: TELEPHONE ECHO TESTS 


sensitivity of the echo path is increased, echo becomes fi), 
perceptible to the average individual and then objectionat! 
As the delay is increased the sensitivities at which percepti 
and objection occur are reduced. This is in qualitative agr 
ment with the previously published information already refer 
to. 
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Fig. 3.—Effect of round-trip delay and sidetone sensitivity on the) 
mean thresholds of perception of talker echo. 


© Sidetone sensitivity, +10dB rel. m.a.p. 
x Sidetone sensitivity, +20dB rel. m.a.p. 
@ Sidetone sensitivity, +30dB rel. m.a.p. 


Fig. 3 shows how the thresholds of perception of echo 
articulation crew subjects* change as a result of changes’ 
both echo delay and sidetone sensitivity when the compara iv: 
high-quality laboratory telephone is used. An increase in s 
tone sensitivity of 10dB raises the threshold of perception | 
terms of echo-path sensitivity by about 5dB. In other wor 
echo tends to be masked in the presence of appreciable sid 
The relationship, although linear in the range shown and 
pendent of round-trip delay, is not valid for sidetone sensitivit| 
outside this range. This was verified experimentally for 1 
case of 25 millisec round-trip echo delay. Other work has she | 
that quieter sidetone becomes inaudible to an increasing numl 
of people and thus must have a diminishing masking effect | 
echo; louder sidetone tends to produce objection to the sidete: 
itself on the ground of excessive loudness irrespective of ec 
effects, and consequently the opinion category of echo ‘pe o% 
tible but not objectionable’ becomes inappropriate. ‘ 

The overall send-plus-receive sensitivity of a comme rc 
telephone as used in the tests decreases uniformly with O: 
line length. Thus an increase in line length is equivalent t¢ 
reduction in air-to-air sensitivity of the echo path. It x 
found, however, that a change in subscribers’ line from zero. 
one equivalent to a mile of 641b/mile cable had no obse 
effect on the threshold of perception of echo when this 
expressed in terms of attenuation of the echo path from t 
local exchange to the point of reflection and back to the loi 
exchange. ‘The change in sensitivity of the sidetone path 
normally measured between these two line conditions is i 
quate to account for this result unless, owing perhaps to c 
in distortion, the changes in the echo-masking capabili 
sidetone can be greater than its apparent loudness would le 
one to expect. At greater lengths of local line than the one m 
actually used in the tests, sidetone sensitivity changes mu 
less rapidly. although overall sensitivity continues to fall. Tt 
therefore reasonable to assume that telephones on these log g 


* One experiment explored a rather large number of combinations of stimu 
required the services of each subject for a considerable time. To avoid i inconveni e 
to volunteer untrained subjects who would otherwise have taken part, articu at: 
crew members were employed. Their perception of echo was slightly more ac 
than that of untrained subjects and their dispersion slightly less, 


E will at least be generally no more susceptible to echo. In 
edicting the effects of echo in the public network it seems 
erefore permissible, and is convenient, to disregard the length 
| subscriber’s line and consider only the remainder of the 
ho path lying beyond the local exchange. 

Another feature of the commercial telephone is that a given 
lange in round-trip delay produces a slightly greater change 
| the level of the threshold of perception than is obtained with 
Ie laboratory telephone. 

bs facts suggest that caution should be exercised in 


tending the present results to other types of telephone set. 
‘The median threshold of objection to echo was not directly 
vestigated on a commercial telephone except at 60millisec 
lay. At lower values of round-trip delay this would require 
| echo-path gain which is somewhat difficult to simulate 
lidly. Although lower percentile thresholds of objection 
juld in part be explored without an echo-path gain, a rather 
tmidable amount of experimental effort would be required to 
‘jtain reasonable accuracy. The median threshold was there- 
re inferred from data on the threshold of perception using the 
\ter-threshold interval obtained on the laboratory telephone. 


(5) DISPERSION OF SUBJECTS 


The opinion data collected in the talking tests showed that 
‘me untrained subjects were much more disturbed than others 
(a given level of echo signals. The distribution of tolerances 
subjects about the median threshold of objection was found 
all cases to be substantially Gaussian, and estimates of the 
indard deviation of this distribution were obtained by probit 
alysis.'! One experiment using 10 untrained subjects gave a 
lue of 8dB, and another, 13dB. An experiment using 36 
bjects who were expected to have some relevant technical 
jowledge gave 9dB. In the absence of considerable additional 
wrk an average value of 10dB seems reasonable and has been 
opted. 

The possible effects of talker volume, or speech level, on echo 
enomena were not studied. Talker volume cannot very 


Mean opinion score (m.o.s.) 
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echo-path attenuation as a function of round-trip delay. The 
minimum permissible echo-path attenuation (round trip from 
local exchange back to local exchange) to ensure that not more 
than a given percentage of subjects will find talker echo objec- 
tionable can now be found for any value of delay up to 
60 millisec, and thus any desired grade of service from the 
point of view of echo can be secured. 

The planning limits thus obtained are, however, subject to 
the reservation that they are based on opinions expressed by 
subjects whose attention was expressly directed to echo. More- 
over, each subject was reading into a telephone and not con- 
ducting purposeful conversation. Some reassurance on these 
features is forthcoming from the conversational test discussed 
later, but in applying the limits it is difficult to avoid the assump- 
tion, albeit perhaps not unreasonable in view of the subjects 
used here, that the behaviour of the subjects is representative 
of that of the population of telephone users. 


(7) THE CONVERSATIONAL OPINIONS EXPERIMENT 


A conversational opinions experiment consists of getting 
subjects to converse in pairs over telephone links to be assessed. 
Pictorial puzzles are used to stimulate purposeful conversation, 
and at the end of each telephone call each subject is asked to 
give his opinion of it by reference to a prearranged scale. The 
scale used in the present instance consisted simply of five cate- 
gories ‘excellent’, ‘good’, ‘fair’, ‘poor’ and ‘bad’. In analysing 
the results of the experiment these opinions were scored numeri- 
cally 4, 3, 2, 1 and O respectively. By averaging the opinions 
of all the subjects for each treatment, or setting of circuit 
parameters, a mean opinion score for each treatment is found. 

The results obtained were of little help in directly formulating 
planning limits because the data defined no precise thresholds at 
which echo could be said to commence to have a significantly 
depressing effect on opinions. Nevertheless, although many of 
the differences are not statistically significant, a clear trend 
towards less favourable opinions is produced as echo becomes 
less attenuated or more delayed. Table 1, cols. 2-7, shows 


Table 1 


RESULTS OF CERTAIN TREATMENTS IN THE CONVERSATION OPINIONS EXPERIMENT 


Percentage of subjects giving 


opinions ‘poor’ or ‘bad’ derived Percentage of subjects finding 


echo ‘objectionable’ 


Echo-path 


Biieniation Junction loss, 10dB 


Junction loss, 20dB 


from m.o.s. for 10dB 


junction loss (from Fig. 4) 


25 ms 10 ms 25 ms 


Delay 10ms 


idily be controlled by engineering techniques and varies 
i in the individual from time to time; between individuals 

+ variation is even greater. Any such effects are therefore 
bed with other variations between subjects in arriving at 
> overall dispersion of echo tolerance. 


(6) PLANNING PROPOSALS 
The family of curves (a)-(e) in Fig. 4 was generated by applying 
> standard deviation of the distribution of subjects to the 
‘dian threshold of objection to echo when using a commercial- 
ye telephone. The median is given in terms of the round-trip 


40 ms 25 ms 25 ms 


some of the results. Each value shown is subject to a 95% 
confidence interval of +0-5 units. 

In a conversational experiment of the size used (13 pairs of 
subjects) it is not possible to obtain directly a reliable estimate 
of the percentage of ‘unsatisfactory’ calls, i.e. those declared 
‘poor’ or ‘bad’. It has been found, however, that a reasonably 
stable relationship exists between such percentages and the 
mean opinion score.4 Applying this to the mean opinion scores 
in cols. 2-4 gives the percentages quoted in cols. 8-10. Cols. 11- 
13 show the percentages of subjects finding echo objectionable 
after reading a set passage into a telephone which produces 
echo; these were obtained from the proposed planning data 
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Fig. 4.—Proposed relationships between echo-path attenuation and 
round-trip delay based on present investigations. 
Number of subjects objecting to echo: 


(a) 50% 


Measurements of both echo-path attenuation and delay relate to that part of the 
echo path existing from the local exchange to the point of return and back to the local 
exchange. 


given in Fig. 4. Rough agreement is seen, but this would apply 
only in the case in which a negligible percentage of subjects 
regard the circuit used for conversation as ‘unsatisfactory’ owing 
to degradations other than echo. 


(8) SPEECH VOLTAGE AND READING TIME 


The ways in which the speech voltage produced in the tele- 
phone circuit and the time taken to read a set passage are 
influenced by echo-path sensitivity and delay are shown in Fig. 5. 

At delays smaller than 30 millisec, speech voltage is noticeably 
depressed at higher values of echo-path sensitivity just as it 
would be by excessive sidetone. No effect is discernible at longer 
delays. The reading time, on the contrary, is unaffected by 
any reasonable level of sidetone or echo when the latter is 
delayed by less than 30millisec. But at greater delays an 
increase in either echo delay or sensitivity results in an increase 
in reading time. 

Although no corresponding discontinuities appear in the 
opinions data, these results suggest that echo signals are in some 
way ‘sidetone-like’ at delays of less than about 30millisec and 
‘echo-like’ at greater values. Subjects in other work® have been 
observed to appreciate delayed signals as discrete echoes only 
at delays exceeding about 30 millisec: the experimental situation 
in that case, however, corresponded rather to listener than to 
talker echo conditions. 


(9) CONCLUSIONS 


The planning proposals obtained are not based on as much 
experimental data as could perhaps be desired, nor do they 
extend to echo delays greatly exceeding 60millisec. They do, 
however, take account of the dispersion of echo tolerance 
between people and thus permit limits of performance of a 
network from the point of view of echo to be specified in order 
to obtain a desired grade of service. Alternatively, for a net- 
work of known or assumed echo performance, the probability 
of dissatisfaction arising from echo can be estimated. 


RICHARDS AND BUCK: TELEPHONE ECHO TESTS 


dB REL. 1V 


SPEECH VOLTAGE, 


SEC 


READING TIME, 
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Fig. 5.—Speech voltage and reading time as a function of echo- 
sensitivity and delay. i 


(a) Delay, zero. Sidetone path sensitivity varied. 
(6) Delay, 8 millisec, 

(c) Delay, 22 millisec. 
(d) Delay, 36 millisec. 
(e) Delay, 50 millisec. 
(/) Delay, 64 millisec. 


Sidetone path sensitivity, +13dB rel. m. 
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j SUMMARY 

‘/The paper reviews the industrial, biological and medical aspects of 
| ictowave radiation. The special methods of study of the properties 
i} organic and biological materials are first discussed. The industrial 
‘)plications of microwave heating processes are described and the 
| fect of microwave radiation on biological tissues and living animals 
examined. The operational hazards attaching to personnel in the 
4 jighbourhood of high-power equipment are pointed out and sugges- 
ns offered as to how these can be minimized. The paper concludes 
ith a bibliography. 


LIST OF PRINCIPAL SYMBOLS 


| Rationalized M.K.S. units are used unless otherwise indicated. 
| d= Diameter, m. 
E =R.F. peak electric field strength, volts/m. 
f = Frequency, c/s. 
g = Spectroscopic splitting factor or g-factor = 2:002 29 
for a free electron. 
| P = Power, watts. 
| P, = Power dissipated in sample, watts. 


t = Time, sec. 
V, = Volume of sample, m°. 
o« = Attenuation coefficient, nepers/m (=8- 686 dB/m). 
6 = Dielectric loss angle = arc tan (€’’/e’). 
€ = Relative permittivity = «’ — je”. 
A = Free-space wavelength, m. 
| o = Conductivity, mhos/m. 
| os f = Power factor ~ tan 6 if 6 <1. 


_ R= Range, m 

| S= Poynting vector of power flux density = E7/754 
iq watts/m2. 

f 


(1) INTRODUCTION. 


Microwaves are defined to be that portion of the electromag- 
btic spectrum with frequencies between 1Gc/s (wavelength 
Jem) and 100Gc/s (wavelength 1mm). Originally developed 
Q a large scale for radar systems, microwave techniques have 
nee been applied to other fields, including radiocommunication, 
ielectric spectroscopy, radio astronomy and electro-nuclear 
tceleration. Electromagnetic energy penetrates bodies to an 
Ktent governed by the properties of the material and the fre- 
liency and other characteristics of the incident waves. This 
bntrolled penetration forms the basis of the industrial, bio- 
igical and medical applications of microwave radiation. 

The effects observed under exposure to microwaves are, to a 
Irge extent, thermal: in this case it is the dispersive properties of 
ermittivity and conductivity which play essential roles. On the 
ther hand, effects specifically related to the frequency of radia- 
on have been observed: such cases involve the molecular 
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| INDUSTRIAL, BIOLOGICAL AND MEDICAL ASPECTS OF 
MICROWAVE RADIATION 


| : By A. F. HARVEY, D.Phil., B.Sc.(Eng.), Member. 
| (The paper was first received 12th October, 1959, and in revised form 11th April, 1960.) 


structure, which may be studied by electron-resonance tech- 
niques. Dielectric heating forms the basis of industrial manu- 
facturing processes and the defrosting or cooking of foods. The 
effect of intense microwave radiation on living animals depends 
upon the circulation of blood, and thus investigations must be 
made on tissues with and without blood vessels. These short- and 
long-term effects concern humans who must work in positions 
of intense microwave fields. Methods of reducing such hazards 
involve instrumentation for measurement of the radiation inten- 
sity and adoption of efficient methods of protection. 

Some of these industrial, biological and medical aspects of 
microwave radiation are relatively new but, although develop- 
ment is proceeding rapidly, accurate measurements have been 
inadequate with the result that reliable conclusions cannot be 
drawn. The paper thus takes the form of a factual outline with 
occasional detail to illustrate the problems involved. The 
bibliography will enable the reader to supplement and amplify 
the subject matter to give a balanced and complete coverage of 
these important and topical fields. 


(2) PROPERTIES OF BIOLOGICAL MATERIALS 
(2.1) Dielectric Behaviour 


The dielectric properties of biological material may be 
examined’7: 83 by methods closely resembling those employed 
with ordinary materials: in many cases the dispersions obtained 
follow conventional laws. For example, the dielectric constant 
of blood shows the characteristics expected of its high water 
content.!% 73,82 The results, together with those for tissues 
such as skin, muscle, bone and fatty parts, measured in the 
range 3:0-23-6 Gc/s>® 31 and 1-78-4-63 Gc/s,!7 can be fitted to 
a Debye relation.!® Typical data, selected from measure- 
ments*>» 84,94 on various human tissues in the frequency range 
0-2-10:0Gc/s, are given in Table 1. The differences in the 


Table 1 
PROPERTIES OF VARIOUS TISSUES AT 27°C 


Relative permittivity at Conductivity at 


Tissue 


0-4Ge/s 1Ge/s 0-4Ge/s 1 Ge/s 


millimhos/cm | millimhos/cm 
54-56 54 57 9-5-10:0 | 12-0-12-7 
46-53 50-S1 6-7-8:°3 9-1-9-6 
36 — 6-1 
64 63-67 11 12-8- B14 “2 
74 77 ile 18-5 
4-7 — 


0 
3 
0-7-0:8 = 


properties are to some extent due to the presence of protein 
molecules.44 The temperature coefficient of the resistivity varies 
with frequency, is always negative and is comparable with that 
of saline solution.?° 

The temperature coefficient of the relative permittivity is posi- 
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PERMITTIVITY AND CONDUCTIVITY OF TISSUES AT 37°C 


Wet fat 


Frequency 
o 


millimhos/cm 


tive at low frequencies, and becomes zero and finally negative as 
the frequency increases. In view of their medical importance the 
properties of muscle, fat and skin have been studied over a 
wide range of frequency:!7: 3° 88 typical results for the relative 
permittivity and conductivity are given in Table 2, The ‘wet’ fat, 
with somewhat higher water content, represents horse fat, while 
the ‘dry’ fat has been found more characteristic of pork: the 
values for human fat are somewhere in between. The per- 
mittivity of wet fat does not change much with temperature but 
the conductivity, as compared with the value at 37°C, is doubled 
at 50°C dnd halved at 20°C. 


(2.2) Electron-Resonance Techniques 


Electron-resonance methods*’ are proving useful in biological 
and medical studies since they facilitate examination of free 
radical reactions which are often associated with metabolic and 
biochemical processes.> © 7:98 The presence of water tends to 
cause a large non-resonant absorption, and thus the specimens 
are usually enclosed in tubes of, say, 1mm diameter. Alter- 
natively, the samples can be freeze-dried, care being taken that 
no extra bonds are broken and radicals formed. Commoner, 
Townsend and Pake!* have, for example, studied the free- 
radical concentration in living tissue and typical results are 
given in Table 3. The free radicals were shown to be associated 


Table 3 


FREE-RADICAL CONCENTRATION IN TISSUES 


Concentration 


Material (dry weight) 


mole/g x 10-8 
Nicotiana tabacum, leaf 
Coleus, leaf 


Barley, leaf 

Digitalis, germinating seeds 
Carrot, root ne 
Rabbit, muscle 

Frog, eggs .. 52 
Drosophilia, entire 


with the protein components and the concentration is seen to 
be higher in the metabolically active tissues. In the case of 
leaves the concentration could be increased on exposure to light. 

Free radicals have been postulated®’ as taking part in carcino- 
genic (cancer-forming) processes and it has been suggested that 
the activity of certain large-ring structures may be related to their 
ability to form negative-ion free radicals with mild reducing 
agents. In contrast, non-carcinogenic hydrocarbons, such as 
naphthalene, require strong reducing agents before the formation 
of such radicals. Thus, carcinogenic activity might be measured 
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o 


millimhos/cm 


Dry fat 


fo} 


millimhos/em 
0:33 
0-39 
0-45 
0:59 
1-31 


by comparing the free-radical concentration in healthy ; 
cancerous tissue. For example, cigarette smoke, when i 
formed, contains a relatively high concentration of both ac. 
and stabilized free radicals,®? either or both of which might! | 
as carcinogenic agents. 

Free-radical processes are likely to occur in enzyme reacti¢ 
the details of which can then be studied by electron-resona 
techniques. Closely related to biologically important molec 
are the phthalocyanines: these are large planar molect 
which can undergo a transient intermediate oxidation sté 
Phthalocyanines studied experimentally?’ show that this trans! 
state gives a narrow resonance line with a g-factor close to t 
of a free-electron spin. This indicates that the oxidation f 
cess involves mobile electrons in the conjugated ring syst 
and, in some cases, the growth and decay of the intermed 
stage can be followed on the oscillograph display of 
spectrometer. 

The biologically important oxidation of ferrihaemoglobinr 
its metastable state has been examined in detail3® 4° by electr 
resonance methods. In fact, such study of the different deri 
tives of haemoglobin not only allows the actual orbitals invol 
in the binding to be determined but also gives detailed struct 
information of the processes involved. A strong narrow | 
with a g-factor of 2-003 is obtained when methaemoglobin 
metmyaglobin is oxidized by, for example, hydrogen perox 
The fact that the formation of an actual peroxide compoi 
involves a change in the binding of the iron atom is demonstra 
conclusively by observing2»>® the metmyoglobin resonance 
g =6:0 as oxidation occurs. The fact that the resona 
decreases*! during the oxidation process indicates a change ft 
ionic to covalent binding. “y 

Kinetic studies have shown the role played by free radi 
during photosynthesis. In one series of experiments aque 
suspensions of chloroplasts were examined!> in a resonant ca’ 
into which light from a tungsten-filament lamp could be admitt 
this illumination increased by sixfold the radical concentrati 
Results at various temperatures®> show a longer decay tim« 
—140° C, and correlation of luminescence and electron-resona 
measurements®’ indicate that the photosynthesis reaction is 
to the mechanism of electron trapping and hole product 
familiar in semiconductors. 

Electron resonance affords a direct and sensei methoc 
studying the breakdown processes which occur in living tis 
as a result of X- or y-ray irradiation. Pulse techniques en< 
dynamic conditions to be studied. Results have shown, 
example, similar spectra for cystine, hair, nail and feathe 
These techniques can also be applied5>: 93 to the study of prot 
and such trace metals as manganese and copper. Experiment: 
on mice have shown that paramagnetic tracers such as salt: 
iron, nickel or chromium enable blood flow to be measut 
The technique involves determination of the spin-lattice rela 
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lon time after application of a saturating pulse. The relative 
mplitudes of the decaying signal, measured when blood is 
lowing and not flowing, gives the velocity of flow knowing the 
listance from the injection point. The method is safe and is 
uitable for use with humans. 


(3) INDUSTRIAL HEATING PROCESS 
(3.1) Methods Employed 


Many methods have been developed for utilizing the dielectric 
oss, shown by most materials at ultra-high and microwave fre- 
fuencies, for heating purposes.*: 59: ©4,.80.81 The characteristic 
idvantage of dielectric heating at any frequency is its ability to 
sroduce rapid uniform heating throughout the bulk of a material. 
fhe total power dissipated in the volume of the dielectric is 
fiven by 


Pea? x te-MyeRry ee. 2 . . 


ind thus to increase the rate of heating of a given material, the 
ipplied field strength or the frequency must be increased. The 
ormer is easy to control but can be increased only to the limit 
mposed by arcing between the electrodes and the work. The 
icing limit varies considerably with different kinds of materials: 
n a substance of a discrete nature the concentration of field at 
he contact points leads to local burning at relatively low powers. 
Eqn. (1) shows that the heating effect at constant power is 
sroportional to frequency, which should thus be made as high as 
onvenient: in many materials additional advantage is obtained 
ecause €’’ increases with frequency. Dielectric heating equip- 
nent is difficult to shield effectively and operation must usually 
¢ confined to assigned frequency bands where large amounts of 
tray radiation are permitted: the United States bands are given 
n Table 4. Electron tubes are available for these heating 


Table 4 


ASSIGNED FREQUENCIES FOR DIELECTRIC HEATING 


0-915 
+25 


2°45 
+50 


5:85 | 10-6 18 


== OO) | £50 


Centre frequency, Gc/s 


Deviation allowance, TS 


Mc/s 


vands,’? the highest c.w. powers being provided by magne- 
rons.°8, 69.70 Typical outputs are 5kW at 0:915Gc/s and 
KW at 2-45Gc/s but experimental tubes have given higher 
alues. The transmission-line output is either coaxial line or 
vaveguide according to the frequency and power. 


Y HORN LAYER 
] WAVEGUIDE jada 
Z 
LA {QD 
Yl 
\ LA. 
\ LENS rae 
: NN. OUTER () DIELECTRIC 
(a) CONDUCTOR LOAD 


ELECTROMAGNETIC 


epi 


Some care must be devoted to the choice of a suitable operating 
frequency. For very-high-loss materials the field strength falls 
off rapidly with increasing penetration and thus the central 
portion of a large volume will be heated only slightly. The 
attenuation coefficient is given by 


Deen AK, C1) oii el Alsateran ic FCO) 


and, for example, in a material with «’ = 28 and «” = 5:6 at 
0:915 Ge/s, leads to the power density falling to 61°% of the 
surface value in a distance of 25cm. 

Many materials to be heated by microwave energy are 
relatively low-loss dielectrics and, to secure efficient use of the 
available power, they must be placed in some form of resonant 
structure. The possible spatial variation of electric field imposes 
restrictions on the size and position of objects which must be 
uniformly heated. Thus in a TMo19 mode circular cavity, the 
rate of heating is constant in an axial direction while more than 
90% of its maximum value resides inside a radius of 0-:07A. 
With, for example, a plastic material of « =4, heated at 
0-915 Ge/s, the diameter must not exceed 2:3cm to ensure this 
condition. 

There is a number of important cases where it is required to 
heat non-uniform dielectrics in which a substantially uniform 
temperature rise is required, or where it is more economical to 
concentrate the heating as locally as possible. Rates of heating 
proportional to the heat capacity per unit volume, rather than 
uniform heating, are, of course, required to give a uniform 
temperature distribution. Since the permittivities and loss 
tangents of the materials comprising a composite or non- 
uniform dielectric load usually vary with frequency in different 
ways, it is sometimes possible to find a frequency giving a 
significant improvement in the uniformity of temperature rise. 
The relative rates of heating and temperature rise may also be 
controlled by selection of the mode of application of the electric 
field with, if necessary, relative rotation or translation of the 
dielectric sample. 


(3.2) Particular Applications 


Dielectric heating has been employed*? for the bonding of 
plywood veneers. The glues should be of the thermal-setting 
plastic type and, where possible, selected for rapid polymerization 
at low temperatures. The coaxial system in Fig. 1(a) permits 
the electric field to pass through the glue face and wood in 
parallel, giving increased concentration of heating in the higher- 
permittivity glue. Frequencies giving a convenient size of 
microwave structure and rapid heating of the glue are in the 
range 1-6 Ge/s. 

More bulky wooden articles can be bonded by employing, 


r 
4 MATCHING 


Fig. 1.—Methods of gluing wood by dielectric heating. 


(a) Edgewise gluing of plywood veneers. 
(6) Beam heating with focusing horn. 
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as shown in Fig. 1(6), an electromagnetic horn to beam the 
energy to the desired location. or normal-size articles, fre- 
quencies in the range 1-5Gc/s are suitable. By means of a 
suitable reflector or lens, the beam may be made to converge 
to a minimum diameter of about half a wavelength. Thus, 
concentrated heating may be secured in internal portions of a 
load inaccessible for the application of electrodes. Surface 
reflections can be minimized by any of the usual matching 
techniques. 

If the electrodes of a heating system are placed on opposite 
sides of a thin dielectric film, the electric field, and hence the 
rate of heating, is limited by breakdown of the unavoidable air- 
gap. In order to obtain the maximum electric field in the dielec- 
tric film for a given total power, flowing or stored, the spacing 
between the electrodes must be as close as possible to minimize 
the air-gap, giving an inconveniently low-impedance system for 
coupling power. By the use of fringe-field heating?® shown in 
Fig. 2(a), the electric field may be made to spread in air giving a 
lower electric field there, to concentrate in the dielectric film 
and give a higher field, and to travel through a considerable 
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state. Too rapid heating must be avoided with frozen foods' 
since the increase of loss tangent and dielectric constant o 
melting leads to intense local heating. Thawing and heatin 
times are reduced from the 15 min of conventional oven metho¢ 
to about one minute. Extra heating of the surface for browning 
or crust formation may be secured by adjacent slabs*? of higl 
loss material which attain much higher temperatures. Of 
method of determination of adequate cooking is to make tf 
energy supplied proportional to the weight of food. Typi 
electronic ovens at 2:45Gc/s provide powers of 0-8-1-6k 
and the cooking operation involves placing the food in a glas 
china, plastic, paper or sometimes metal dish. Nutrition: 
studies have shown that microwave cooking gives better retentio 
of vitamins and natural juices in the food. 


(4) EXPOSURE TO INTENSE MICROWAVE RADIATION 


(4.1) Tissues with Blood Vessels 


Exposure of biological tissues to intense microwave radiatio 
leads to modification of their properties. Experiments*® hay 


Litiiji 
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7 POWER 
CONCENTRATED THIN DIELECTRIC INPUT 
FIELD FILM 
WAVEGUIDE _ 
ELECTRODES WEA SIELD MATCHED 
/ IN si fob 
(Esl 


cw os an RS vane 
EEA FEE EGEEEEEEY EA 


(@) 
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Fig. 2.—Dielectric heating of thin films and threads. 


(a) Types of fringe-field heating for thin films. 
(6) Waveguide heating of threads or strips. 


length of film, thus giving a high impedance. Fig. 2(b) shows a 
waveguide, slit along the centre of the wide faces, and folded back 
on itself several times. Thread or strip material passing through 
the slits will thus lie in the position of maximum electric field. 
Energy propagated down the guide will be.continuously attenu- 
ated but the average heating of each thread will be approximately 
the same. If the guide is sufficiently long only a small fraction 
of the input power reaches the far end, so that matching will be 
independent of load changes. 

Microwave energy is a suitable medium for the heating and 
cooking of foods.*!_ From this viewpoint the collection of foods 
comprising a typical meal is a dielectric load of low dielectric 
strength and variable permittivity and loss tangent. Fairly 
uniform heating is secured at frequencies of 1-3 Gc/s, owing to 
frequency variations of dielectric properties. At higher fre- 
quencies, the depth of penetration of the energy into the food is 
small, while at lower frequencies dielectric breakdown limits the 
rate at which power may be supplied. 

At 3Gc/s good uniformity of heating and matching with 
various combinations of food has been secured by the use of 
beamed radiation. Reflectors are used to direct the power onto 
the food from all sides to offset the effects of low penetration, 
and are arranged, as far as possible, to avoid returning energy 
towards the exciting horn that has not been dissipated by several 
passages through the food. The whole system may be screened 
in a metal case with a metal-gauze door for observation purposes. 
At 1Gc/s, effective concentration of heating energy necessitates 
a resonator system. 

To take full advantage of the rapid heating obtainable by 
dielectric methods the food should be in a partially pre-cooked 


shown that the changes are probably due mainly to therm 
effects consequent upon absorption of the radiation. For tl 
study of these changes, living tissues can be divided into ty 
classes!°2normal tissue which contains blood vessels a1 
ischemic tissue which does not. 

For example, practically any desired temperature can | 
produced‘ in the various tissues of the thigh of a dog by propet 
controlling the output of the microwave generator and t 
duration of the exposure. The temperatures of the tissu 
begin to rise as soon as the microwave energy is directed towa 
them. The rise continues until approximately 20min ha 
elapsed whereupon the temperatures begin to fall. Measut 
ments of blood flow in the thigh of the dog showed that 
marked increase in the flow occurred simultaneously with t 
fall in tissue temperatures: this increase acts as a heat-dissipatii 
mechanism.7° 

Such effects have also been observed3® in humans: the tet 
perature of the tissues again triggers a mechanism leading 
increased blood flow, which prevents the development of too hi 
temperatures. The mechanism of heat production in hum 
tissues by microwave radiation has been extensively examined® 
by means of pulsed sources in the 3 Gc/s frequency band. T 
results were analysed'® and correlated with the respective pi 
mittivities and thermal conductivities of the tissues involve 
Metals implanted in the tissue tend to set up standing wa‘ 
with consequent?? higher local rises of temperature. 

Medical diathermy*’ involves controlled thermal effects whi 
are intended to be beneficial: the optimum frequency for norn 
tissues lies®* in the u.h.f. region. The variations betwe 
measured and biologically effective dosages have been examine 
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id a comparison made’? of the temperatures produced by 
icrowave and short-wave radiation. The blood changes in a 
t resulting from microwave diathermy have been studied.>!> 52 
hen the temperature of the tissue exceeds a certain limit 
reversible changes take place: a simple example is the coagula- 
yn of egg albumen. 

The heat-exchange characteristics of animals are shown 
hematically in Fig. 3(a). Normal temperature is at the ordinate 
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GAIN 
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them especially vulnerable to microwave irradiation: heat is then 
able to dissipate only by conduction to the surrounding vascular 
tissues. This is particularly true for the chambers of the eye 
and the hollow viscera such as the gall bladder, urinary bladder, 
and lumen of the gastro-intestinal tract. These areas are 
relatively avascular and largely devoid of effective mechanisms 
for regulating their temperature. 

The effects of microwave irradiation on bone and bone marrow 


° 


0:02 


O04 


POWER FLUX, W/cm? 


fe) \ 2 3 4 5 6 
BODY TEMPERATURE RISE, DEG C 
(bd) 


Fig. 3.—Heat-exchange characteristics of animals. 


(a) Qualitative heat exchange in arbitrary units, 
(6) Results on animals at 3 Gc/s frequency. 


id increases to the right while heat gain from metabolism is 
ove the abscissa and heat loss below. The resultant curve 
lows that at normal temperature the exchange mechanism 
aintains equilibrium, but for high fever temperatures the net 
change becomes positive and eventually the animal dies. 
Kperiments have been made at a frequency of 3Gc/s on the 
at-exchange characteristics of animals.2® This involved study 
‘the absorption of electromagnetic energy, the ability of the 
1imals to dissipate heat at elevated body temperature and the 
lation of field strength to body-temperature increases. Three 
ecies of animals of different sizes—rats, rabbits and dogs—were 
posed to a pulsed source of radiation via a horn antenna. 
1e radiation was confined to a shielded enclosure which was 
ied with absorbing material in order to give relatively free field 
mditions. Fig. 3(b) shows the average results of the body- 
mperature rise above normal, plotted with respect to the 
lcrowave power flux required to maintain this rise. Here 
icrowave power has been used as the additional source of heat 
icessary to cause the animal’s net heat exchange to equal zero, 
other words, to maintain constant body temperature. The 
agnitude of the microwave power, then, represents the rate at 
lich the animal would lose heat without this source, or his 
at dissipation ability. The average absorption of each species 
is about 40% of the power in the animal’s geometrical profile 
d the heat-dissipation ability was such that a flux density of 
025 watt/cm? could be dissipated at a body temperature rise 
BC. 
In other experiments,>® mice were exposed to 10 Gc/s radiation 
th a power flux in the range 0-05-0-5 watts/cem?. Their 
mperature rose at a rate proportional to the power flow and 
ath occurred in 50% of the subjects when a critical temperature 
44-1°C was reached: this temperature is 6:7°C above the 
erage normal body value. The observed results were 
counted for by calorimetric considerations, the animals being 
sumed to be simultaneously heated and cooled. 


| (4.2) Tissues Without Blood Vessels 
The absence of blood vessels in certain parts of the body makes 


have been examined>” *3 in both dogs and humans. Temporary 
or permanent sterility can result>* from exposure of the testicular 
tissue to microwave energy. Damage to the reproductive tissue 
is to be viewed with particular concern as some geneticists 
believe that radiation far below the level which causes physio- 
logical damage may cause genetic damage that will not be 
apparent for several generations.°© The changes in temperature 
in various avascular regions of an anaesthetized rabbit are 
given*® in Table 5 as a function of time from the onset of irradia- 


Table 5 


TEMPERATURE CHANGES 


Temperature change for an irradiation time of 
Region 

imin | 2min 3 min 10min | 20min 30 min 

degC | degC deg C deg C deg C deg C 
Tleum +4:2 +14-4| +29-5) +38-5) +42-9 
Stomach +1-8|+3-4] +5:-4 +19-2) +23-1 
Gall bladder +0-1)+0:3 |+1:8 | +4:0 |+6:3 
Urinary bladder | +1-3] +2-1/+3-0 | +5-6 +9-7 
Rectal .. 4 +0-1 —0O-1 | +0-2 +0°8 
Oral : : —0:5 |—0-9 | —1-2 


tion at a frequency of 2:45Gc/s. These findings also point to 
the limitations of the oral and rectal temperatures, which can be 
seen to have remained almost constant, as indications of injurious 
temperatures in the avascular regions. Exposure of the head 
alone resulted in the temperature of the brain rising by 6°C 
with fatal consequences. 

The demonstration of the production of opacities in the eyes 
of animals,24 2674 as a result of prolonged exposure at high 
field intensity, represents an important biological effect of 
microwave radiation. Although experiments have been carried 
out’® at 10Gc/s, most work has employed standard diathermy 
equipment operating at a frequency of 2:45 Gc/s. Determina- 
tions have been made of the effect of irradiation on the tem- 
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peratures of the orbital tissues and the aqueous and vitreous 
humours in dogs and rabbits.27:!99 In most cases the actual 
temperatures of both humours, after exposure, were consistently 
higher than that of the deep orbital tissues. The aqueous and 
vitreous humours are entirely avascular and the rapid rate of 
cooling observed was shown to be due to blood circulating in 
the adjacent vascular tunics. 

Rabbits have been used*® 78,103,104 for most experimental work 
since their eyes are very nearly the same size and shape as those 
of humans. In one case!” a cataract, a form of white cloudy 
growth, developed after a 10 min exposure to about 100 watts at 
2:45Gc/s. Results of temperature measurements within the 
eyeball at two different microwave frequencies are shown in 
Fig. 4(a). It will be observed that at 2-45Gc/s the highest 
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Fig. 4.—Effects of microwave irradiation of the eye. 


(a) Temperature distribution. 
(6) Production of opacities at 2-45 Gc/s. 


temperature occurs near the back surface of the lens which itself 
consists of protein very easily damaged by heat. This plot 
explains the cataracts found at 2:45Gc/s and the opacities 
formed’® at 10 Gc/s inside the cornea and on the anterior segment 
of the lens. 

In another series of experiments!®! the durations and power 
fluxes of the single exposures were varied between the limits of 
3-5min at 0-59 watt/cem? and 90min at 0:24 watt/cm?. The 
damage observed was mainly in the lens of the eye and was 
classified into three groups: 


_(@ Minimal opacities such as small black dots not detrimental to 
vision. 
(6) Circumscribed opacities, dense enough to interfere with vision, 
consisting of diffuse cores with dark ray-like borders. 
(c) Large opacities which obstructed vision, comprising large areas 
with peripheral crescents, dense linear projections and vacuoles. 


All the lens opacities developed within 14 days after irradia- 
tion, the degree of damage being inversely proportional to time 
of appearance. The results were expressed as in Fig. 4(b), the 
solid line drawn through the experimental points representing an 
empirical limit above which production of lens opacities is a 
near certainty. The extreme susceptibility of the eye to a power 
flux greater than 0-4 watt/cm? is indicated by the precipitous 
slope in this region. Also shown are exposures which were not 
found detrimental to human eyes and a standard ocular dia- 
thermy treatment.}3 

Several investigators”4,26,48,74,103 have detected opacities 
within 2-42 days of multiple exposure to microwave radiation. 
More recent experiments,!°> in which care was taken to ensure 
that any one of the exposures was below the threshold value, 
appear to confirm a cumulative effect. Pulsed irradiation7® 1°> 
seems to show an enhanced tendency to the formation of 
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opacities as compared with that due to continuous sources ¢ 
the same average power. Microwave irradiation is also found} 
to reduce the activity of certain enzyme systems in the eye. Nj 
opacities have been observed at the lower frequencies ¢ 
0-2-0-5Gc/s even with whole-body exposures near the leth 
level.!°® rom these various results it cannot yet be concliaay 
with certainty that thermal effects alone are the cause of opaci 
formation. 


(5) OPERATIONAL HAZARDS TO PERSONNEL 


(5.1) Exposure Investigations 


There is some uncertainty as to what constitutes a dangeroi 
microwave radiation field.? 9? 


Damage to a biological syste; 


THRESHOLD OF OPACITY 
FORMATION IN RABBITS 


NON-INJURIOUS EXPOSURE 
TO HUMANS 


aaa {Sa 
DOSAGE EMPLOYED IN 
Ocoee DIATHERMY 


15 30 45 60 75 90 i 
DURATION, MINUTES 


(b) 


by some hazard can usually be expressed>® by a relation. 
the form 
Ct=K ee 


in which C is the concentration and ¢ is time. K is an 
which, when it exceeds a certain characteristic value, alwa! 
means damage to the organism. Conversely, there is no dama; 
when it is lower than this characteristic value. The value abo 
which damage is always observed, and below which damage: 
not to be expected, is often called the threshold dose. 4 
important factor in influencing tissue damage is the varyit 
ability of a biological system to repair itself or to restore a de “4 
of its disturbed function towards normality while still under #) 
influence of the damaging agent. Not only do various tissu 
have different capacities in this regard but the same tissue 
different individuals will vary in its recovery capacity. 
the same tissue in the same organism will have a differe 
response at different times. Although eqn. (3) thus applies 
varying degrees of accuracy, it forms a useful concept and t 
values of Kin different cases must be sought. | 
The concentration C is related to the field intensity in tel 
space occupied by the organism, the ability of the various t 
to absorb the energy** and the depth of the tissue beneath 7 
surface of the organism. The absorption of electromagné 
energy®® by various human tissues in the range 0-15-10Ge 
can be represented by the triple arrangement of skin, su 
cutaneous fat and deep muscle tissue shown in Fig. 5(a). Sin 
the depth of penetration has been shown®? to be sufficient 
small, the deep tissue layer may be assumed to extend to infinit 
Using known measured values®® for the relative permittivity at 
loss tangent of skin, fat and muscle, the proportion and distrib 
tion of absorbed energy in the respective parts of the body cé 
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Fig. 5.—Absorption of microwave energy by the body. 


(a) Triple-layer arrangement. 


(6) Absorption of energy by the body at 3 Ge/s. 
(c) Distribution of absorbed energy at 3.Gc/s for a skin thickness of 0*2cm. 


'¢ calculated,9?.°! Fig. 5(b) gives the fraction of airborne 
adiation at 3Gc/s absorbed by the body as a function of thick- 
less of subcutaneous-fat layer: the parameter of the different 
‘urves is the assumed skin thickness in centimetres. At0-15 Gc/s 
he penetration is much deeper while at 10Gc/s most of the 
mergy is absorbed in and near the skin. The distribution of 
ibsorbed energy is shown in Fig. 5(c) for a frequency of 3 Gc/s 
Ind skin thickness of 0-2cm. Results for greater thickness 
eveal, as expected, increased absorption in the skin with decrease 
i the deeper tissues. 

_ Attempts have been made on the basis of experimental results 
o give limits to the factor C in eqn. (3) for prolonged dosage. 
(he safe values arrived at apply only to thermal effects due to 
hean powers and are related to a rise of 1°C in body tempera- 
ures. Limits have been provisionally given®’ as 0-03 watt/cm? 
or frequencies below 0-5Gc/s where deep heating exists, 
1-01 watt/cm? for 0-5-3-0Gc/s where complicated deep and 
urface effects occur and 0-22 watt/cm? at frequencies higher 
han 3Gc/s where sensory perception of the heat absorbed in 
he skin provides some safeguard. Above 0:1 watt/cm? the 
hort-term body effect of heat stroke becomes predominant, the 
ligher temperatures obtaining having fatal results.°° 

| Bye effects are extremely important but rather complicated to 
fterpret. At low levels there is a long-term integration result- 
bg, as has been noted, in the formation of opacities and 
Maracts. A field appropriate to 0:01 watt/cm? would require 
) ‘i 

: 


many years to cause harmful effects. Owing to their small size 
and lack of blood vessels, the eyes have only a short time-constant 
and a power flux exceeding 0-5 watt/cm? can soon cause damage. 
This information is based mainly on experiments on animals. 
The formation of bilateral cataracts has been reported*? in a 
technician who was exposed in daily work to an average level 
at 1-7-3:4Gc/s of 0-005 watt/cm?, with intermittent exposure 
during the preceding three days to 0-12 watt/cm? for a total of 2h. 
In general, the available data! on human cases is too meagre for 
a statistical analysis to be made. 


(5.2) Instrumentation 


The safe limits of field strength at various microwave fre- 
quencies having been decided, it is necessary that any particular 
equipment should comply with them. Much can be achieved 
by calculation from data relating to the equipment. A typical 
antenna is a paraboloid fed by a horn which has a gain of 8 dB, 
the field at the edge of the reflector being 10 dB less than that at 
the centre. The field outside the reflector will be less than this, 
and thus, except in the region between the horn and the reflector, 
the direct field from the horn is less than it would be from an 
isotropic radiator. For example, with a radiated power of 
10kW the minimum safe distance is of the order of 3m and thus 
the danger area due to direct radiation from the feed is small. 

The field due to the main beam is of greater importance and 
Fig. 6 gives®* the values for distances R to 10R, where R is the 


AXIAL DISTANCE FROM ANTENNA IN UNITS OF R 


RADIAL DISTANCE IN UNITS OF d 


Fig. 6.—Power-flux contours of a radiating paraboloid. 
Parameter is decibels relative to 1-8P/d2, where P is the input power to the antenna. 
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Rayleigh distance of the antenna. The contours are drawn 
telative to the maximum power flux which is taken as the flux 
on the axis at distance R. This maximum value is approxi- 
mately 1-9P/d* but the actual flux will exceed this by up to 
34dB at some positions within the Rayleigh distance. The 
values computed are those in free space, and perfect ground 
reflection will enhance the field strength at some points by 6dB. 

Reasonable parameters for a tropospheric-scatter system on a 
frequency of 0-855Gc/s would be P = 20kW and d = 10m, 
giving R=1-41 x 10?m and a maximum power flux of 
0-046 watt/cm?. Taking a safe flux of 0-01 watt/cm? and 
including a safety factor of 4, the safe contour is —13dB. If 
the mean height of the antenna is 10m above a level ground, 
the whole of the ground between 270m and 620m in front 
of the antenna is within the danger zone since the flux exceeds 
the safe value at heights below 2m. This unsatisfactory position 
can be remedied either by increasing the mean height of the 
antenna to 14m or by tilting the antenna upwards by 0-45°, 
ie. about one-fifth of a beam width. Such an antenna could 
therefore safely be placed on a cliff overlooking the sea, or with 
ground sloping away in front of it at an angle exceeding 0-45°. 

The field at distances from the antenna less than the Rayleigh 
distance is largely confined within a cylinder the base of whichis 
the reflector. The field below this cylinder is generally about 
the same as it is at the same height at the Rayleigh distance. 
For the antenna considered above, the field at a height of 2m 
above the ground varies with distance from the antenna but is 
always more than 20dB less than the maximum power flux up 
to a distance of 200m. The field increases to about 10dB at 
340m and then decreases continuously, reaching 14dB at 680m 
and 20dB at 1380m. 

Even medium powers and small antennae can be dangerous: 
for example, 100 watts radiated by a 1m diameter paraboloid 
gives a maximum flux of 0:023 watt/cm?, well above the tolerable 
limit. The Rayleigh distance is, however, quite small, being 
only 5m for a frequency of 3Gc/s. There is little information 
on the effect of high fields lasting for a microsecond or so, and 
it is usually assumed”® that the relevant power flux from a pulsed 
radar equipment is the power averaged over one repetition 
period. The average flux at any given location is further reduced 
if the antenna is scanning. These power fluxes for microwave 
equipment can be compared with the value of 0:14 watt/cm? 
due to the energy of sunlight reaching the earth. 

Many sites are prone to effects such as ground reflections, 
and some form of monitoring or instrumentation is then neces- 
sary. Pending the complete elucidation of the exact nature and 
biological effects of microwave energy, it might be expedient to 
undertake a controlled monitoring programme employing suit- 
able biological subjects. 

Satisfactory monitoring of power fiux would be facilitated by 
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a simple instrument which indicates whether or not the sj) 
value is being exceeded. Neon tubes are qualitatively use| 
but tend to be erratic and, quantitatively, may be quite m 
leading. The field strength at any point near the antenna ¢} 
be measured with a standard-gain horn and calibrated receiv} 
Such a device should be broadband in performance so thaij 
wide spectrum can be covered with only a few instrumen| 
Power-measuring devices of the bolometer type have be! 
employed for personal monitors of a portable nature. | 

Another approach to the problem of monitoring is the use! 
biological simulants. For example, the effect of exposure on {| 
eye can be examined by noting the response of gelatin mixtu} 
Studies have been made*° of the temperature distribution ins’ 
spheres, a concentration of 30% being chosen to represent { 
protein content of most mammalian eyes. Temperatures | 
various depths were measured with thermistor beads and 
values.found-at-10Gc/s with a power flux of 0-015 watt/ci 
agreed closely with those obtained under similar conditions i 
the eye of acow. Some improvement was achieved by loadi 
the simulant with absorbing material. 


(5.3) Methods of Protection 


The maximum safe power flux for personnel has been on 
sidered by several authorities? © 61,107 and, in general, the vz 
of 0:01 watt/cm? over the whole frequency range has bel 
provisionally accepted. It is evident that areas in which suck 
power flux is exceeded must be fenced in or otherwise enclos 
to prevent unauthorized or accidental entry by civilians a’ 
workers who may be in the vicinity. For personnel who mi 
work in hazardous conditions a code of practice is desirable. 10, 
This should explain the dangers present, give information — 
minimum safe distances, request personnel to be on their gua 
for symptoms of heat or discomfort and give details of protecti 
arrangements. First-aid measures should include artific 
respiration, oxygen administration and means for rapid cooli 
of the body. Normal clothing absorbs microwave radiati 
and thus gives some protection to the body although tending 
aggravate the problem of keeping cool: thus, overalls made’ 
reflecting material would appear advantageous. 

It is essential that the eyes be protected, and measurements he 
been made?’ on materials which are optically transparent b 
provide microwave shielding, with a view to their use in fa 
shields or goggles. The power-transmission factors given 
Table 6 represents both reflection and absorption of microwa 
energy, the d.c. surface resistivities quoted being an indicati 
of the former. The results show that good electrical conductiv 
is essential for microwave shielding, whereas this characteris 
is not generally compatible with light transmission and ott 
psychological and physiological factors to be considered in 1 
application to protective goggles. The attenuation of t 


Table 6 


SHIELDING PROPERTIES OF VARIOUS MATERIALS 


Material 


Gold film, 11 my thick on plastic (300 ohms/square) 

Gold film, 30 my thick on plastic (12 ohms/square) 

Gold film, 75 my thick on glass (1:5 ohms/square) 

Corning glass, 1-5 conductive coating (15 ohms/square) 
Electraplane glass, 300 my conductive coating ae ee ERE, 
Copper mesh (20 per inch) . ate 

Copper mesh (8 per inch) 


Power-transmission factor at 


5-9 Ge/s 9-7 Ge/s 18-8 Gc/s 0-55 micron 
% % % % 

23 10 0:8 49 
0-16 0-1 0-01 24 
0-04 0-01 0-004 Bioys 
1:6 1-2 0-08 45 
9 10 8 80 
0-1 0:2 0:2 50 
1-0 153 2a) 60 
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ietallic films depends critically on the thickness, while the 
iielding improves as the frequency increases. A pair of suitable 
pggles would have a gold film on the lenses and wire mesh on 
ie sides where its undersirable viewing properties would not 
jatter. The 3-2°% transmission is not too low for outdoor work 
ad is permissible for indoor work in well-lighted rooms, pro- 
ided that the greenish-blue tinge of the gold film can be tolerated. 
‘or particular instrumental applications where visual acuity is 
iss important, wire mesh or the Corning heating-panel glass 
iay be more suitable. Exposure to direct microwave radiation 
lay be avoided by the remote viewing of energy channels with, 
or example, telescopes, periscopes or closed-circuit television. 
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SUMMARY 

The paper describes the principles of operation and the construction 
‘storage units with a very short access time for reading. One form 
‘the store which has been constructed has a capacity of 200000 bits 
- permanent information and another has been built with a capacity 
100000 bits, the whole contents of which may be changed in under 
n¢ minute. The technique employed permits the construction of very 
rge stores at low cost. Each digit cell is formed, basically, by two 
ts of windings which form the primary and secondary of a trans- 
wmer and the two binary states are determined by the presence or 
sence of a piece of linear ferrite material coupling the windings. 
he access time is largely determined by the physical size of the store 
id the speed of operation of the associated circuits; a time of 
)0 millimicrosec is typical. 


(1) INTRODUCTION 


It is well known that a store with rapid-reading access is of 
mnsiderable value in high-speed digital computers. Several 
1ethods of achieving this have been devised, including punched- 
ard reading devices! and wired systems of square-loop magnetic 
ores.»3 With the present development of very-high-speed 
omputing circuits using transistors, the access time to the 
omputer storage devices may be the major factor in determining 
1e overall computer speed. It is therefore necessary to improve 
lese access times, and in particular the access time of that 
ction of the store which is retaining permanent or semi- 
ermanent information. 

Magnetic rather than photo-electric devices seem to offer the 
lost satisfactory solution to this problem, especially if advantage 
} taken of the fact that square-loop cores with their inherent 
witching time are unnecessary. Alternatively, it is realized that 
‘store could be constructed in which the two binary states are 
spresented by the presence or absence of resistive or capacitive 
lements. In this case the presence of the element is detected by 
leasuring the current which flows in a read-out wire when a 
oltage is applied to a drive wire, using a current amplifier with 
ery low input impedance. This has not been done, because 
hanges of stored information, when desired, are not so con- 
enient as with the magnetic elements. 

The storage system to be described can be constructed in a 
umber of different forms determined by the use for which it is 
itended. In the paper, two forms are chosen: first, a permanent 
orm of 200000 bits, ‘permanent’ being interpreted as permitting 
ery occasional changes by a simple manual operation; secondly, 
semi-permanent form of 100000 bits permitting partial or 
omplete change of the stored information in one minute. The 
ermanent form allows slight modifications or additions to be 
made during the lifetime of a computer, whilst the semi- 
ermanent form allows severe changes between successive 
roblems. 

A special feature of the storage system is the low cost per stored 
it, and it is estimated to be between one-tenth and one-thirtieth 
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of the cost per bit for the square-loop magnetic-core matrix 
store. 

The system has a number of advantages over the permanent 
store produced by special wiring of square-loop cores;”? the 
construction is simpler and the stored information may be 
changed, the read-out time is less and the cost is lower. 


(2) PRINCIPLES OF OPERATION 


The storage system makes use of the presence of a rod of 
magnetic material to represent a stored ‘one’ digit. The rod is 
positioned to couple the primary and secondary windings of a 
transformer. In the ‘zero’ state, the ferrite rod is absent and 
the coupling between primary and secondary windings is very 
small. The state of the storage cell is determined by passing 
a current pulse through the primary winding and observing 
whether there is an e.m.f. induced in the secondary. In con- 
trast with storage systems employing square-loop magnetic 
cores, which have fixed minimum switching times, this system 
makes use of linear ferrite magnetic material and there is no 
inherent speed limitation. 

Access to information in the store is obtained by reading out 
the digits of a word in parallel. The general arrangement of 
the store is shown in Fig. 1. The primary windings are con- 
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Fig. 1.—General arrangement of storage system. 


nected in series to form the horizontal drive wires and the 
secondaries are similarly connected to form the vertical read 
wires. When a current pulse is passed through one particular 
drive wire, S, an e.m.f. will be induced in read wires 4, 5, and 6. 
In contrast, a negligibly small e.m.f. will be induced in read 
wire 3 because there is no ferrite rod linking the windings of 
the transformer formed at the intersection of drive wire S and 
read wire 3. The signals from read wires 4, 5, and 6 indicate 


[ 567 ] 


568 


‘one’ digits, and the absence of a substantial signal from read 
wire 3 indicates a ‘zero’ digit. The individual words of the store 
are selected by passing currents through different drive wires. 
The waveform of the induced e.m.f. is ideally the time differential 
of the drive current and typical waveforms are shown in Fig. 2. 
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Fig. 2.—Store waveforms. 


Upper trace: drive current waveform. 
Lower trace: output from secondary of read-wire transformer, 
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Fig. 3.—Double-sided system. 
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Fig. 4.—Double-sided system waveforms. 


(a) ‘Zero’ output signal. 
(6) ‘One’ output signal. 


In an alternative arrangement (Fig. 3) two sets of windings 
are provided for each digit cell and the magnetic core has one 
of two possible positions. In the upper position, the cell is in the 
“zero’ state, windings Py and Sy are coupled and the waveform of 
the e.m.f. induced in the read wire is as shown in Fig. 4(a). With 
the core in the lower position, coupling the windings P, 
and S,, the induced e.m.f. is in the opposite sense, Fig. 4(d), 
because the primary windings are connected so that current flows 
through them in opposite directions. If only the first pulse of the 
pair appearing on the read wire is observed, a positive read-out 
signal is obtained for a stored ‘zero’ digit, and a negative signal 
for a ‘one’. This arrangement gives a greater discrimination 
than the single-sided system. 


(3) THE CONSTRUCTION OF THE STORE 


The mode of construction of the store is important because 
it has considerable influence on the electrical design and opera- 
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tion of the system. Furthermore, by special attention to tl 
manner of construction the overall cost may be considerab' 
reduced. The basic requirements for the system are a lar; 
number of primary and secondary windings suitably connecte 
with arrangements for inserting or moving pellets of magnet 
material. A typical size of store required is 4096 words, | 
approximately 200000 bits, so that the technique employed fi 
constructing individual digit cells must be easily repeatab 
One method investigated makes use of printed-circuit technique 
A pattern of conductors as shown in Fig. 5(a) is produced — 
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Fig. 5.—Store construction using printed circuits, 


(a) Pattern of conductors. 
(b) Arrangement of primary and secondary windings. 


cover an area of 7in x 7in containing 2916 digit cells. O) 
printed-circuit board with this pattern is used for a set of prima 
windings and a second board mounted beneath the first ar 
cemented to it, with the conductors at right angles to those ¢ 
the first board, serves as a set of secondary windings. Hol 
are drilled for each digit position [Fig. 5(6)] and ferrite roc 
1-6mm diameter and 6mm long, are inserted where require! 
This method of construction, whilst being suitable for smaj 
capacity stores, appears unsuitable for large versions. The c¢ 
of producing the holes, by drilling or punching, is excessi\ 
and the maximum size of the boards on which printed wirir 
may be produced is limited; this results in a large number | 
connections having to be made between the boards. 

A preferred system is to use continuous conductors over tl 
extent of the store. The scheme adopted employs a wove 
mesh of tough enamel-covered wire which can be readily man’ 
factured. The primary or drive wires are formed by adjacei 
pairs of wires of the warp, and the read wires are formed t 
adjacent pairs of the weft (Fig. 6). The mesh is woven wii 
33s.w.g. wire, and there are approximately 18 meshes per inc 
The mesh is backed with a thin layer of Plasticine, and ferri 
rods 1mm diameter and 6mm long are inserted in the mes 
where required and held by the backing material. In the Figur 
positions A, B, C and D are information cells, and rods may | 
inserted in these positions to represent stored ‘one’ digit 
Other ferrite rods are placed permanently in surroundit 
positions. These additional rods act as ‘keepers’ and provi¢ 
return paths for the flux in the information rods. In tl 
absence of these keeper rods, the situation depicted in Fig. 
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Fig. 6.—Store using woven mesh. 
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Fig. 7.—Situation with no keepers. 


ses. If a pulse of current passes through the drive wire 
own, the flux change in the ferrite rod A will induce an e.m.f. 
the read wire. The rods in positions B and C will form 
urn paths for the flux. The change of flux in rods B and C 
juces e.m.f.’s in the read wire in the opposite sense, and may 
nost cancel the read signal from rod A. This cancellation 
ect may be reduced if the rods are spaced sufficiently far 
art, but since close packing is required, keeper rods are 
ential. The improved magnetic circuit also results in an 
eased read signal. Results of tests are given in Table 1. 
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READ-OUT AMPLITUDE FROM MESH STORE 


Rods in Peak amplifier 
NS a Ce a position output 
mV 
A No rods 50 
K K BB 1000 
ee oe wh A —240 
B A | < Drive wire * A,B 300 
ei. Se || K 80 
ae K,B 1.500 
A K,A 60 
| | K, A, B 1300 
+ 
Read wire F 
Be Cation ei: * These cases are pot permissible. 


is shows the magnitude of the peak read signal under various 
aditions. Under normal working conditions with keeper rods 
*sent the ‘zero’ signal is less than one-sixteenth of the ‘one’ 
nal, 
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The woven structure has the advantage of low cost and has 
the windings conveniently disposed around the holes for the 
rods. As it is possible to obtain large sheets of the material, 
the problem of making joins between small sections does not 
arise. It has the disadvantage of having a small but finite 
capacitance between read and drive wires. Alternative modes 
of construction have been devised in which the read wires are 
spaced from the drive wires in a way similar to that in the 
printed-circuit arrangement. Such schemes generally require 
accurate alignment, since the medium in which the one set of 
wires are held must have holes through which the rods can pass, 
and these holes must register with the corresponding holes for 
the other set of wires. 

The general arrangement of a store for 4096 words each of 
52 bits is shown in Fig. 8. The read wires are arranged in 52 sets 
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Fig. 8.— General arrangement of woven-mesh store. 


of 16. A read selection system chooses one word out of the 
16 which are all driven at once. All the first digits of each 
word are grouped together, as are the second, third and remaining 
digits, to simplify the read selection arrangement and keep leads 
short. The read-wire selection system is shown in Fig. 9. The 
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Fig. 9.—Read-wire selection. 


two wires of each pair of read wires are joined together at one 
end and are connected to the primary of a 1 : 1 transformer at 
the other end. The secondary winding feeds a transistor switch. 
The collector is connected to one end of the secondary and the 
base is connected via a high resistance to a negative supply. 
In the open position the transistor is kept in the ‘off’ position by 
a diode which holds the base positive with respect to both the 
emitter and collector. In the selected position, the diode is 
released and sufficient base current flows to drive the transistor 
into the saturated region. There is then a low-impedance 
path between emitter and collector with a negligible transmission 
time. Using junction transistors with an « cut-off frequency of 
10Mc/s it is possible to complete the switching operation, 
changing from one of the 16 blocks to another, in under 
I microsec, allowing for the decay of the switching transient. 
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Only one out of each group of 16 transistors is on at any one 
time, so that there are a total of 52 transistors on together, each 
one feeding into a read amplifier. The transformers are 
employed to reduce the signals resulting from capacitive pick-up 
between drive and read wires. 

Each of the 256 drive wires is supplied by its own drive 
transistor via a transformer, each transistor driving 832 digit 
cells. The current pulse is produced in a drive line by turning 
on the transistor driving it into the bottomed state. The 
transistor operates as a switch and the current-pulse amplitude 
of 50mA is defined by the supply voltage and the circuit impe- 
dance. The pairs of drive wires have distributed inductance 
and capacitance and effectively form a transmission line with a 
characteristic impedance of 100 ohms. The time delay is 
4 millimicrosec/ft, and correct matching is desirable because the 
read output waveform depends on the shape and rate of rise of 
the drive pulse. Accordingly, resistances of 100 ohms are con- 
nected across the ends of each drive line pair. The above 
figures for characteristic impedance and delay time are for the 
mesh without the information rods but with the keepers. The 
change in these values when all the information rods are inserted 
is small. With this arrangement of drive transistors any one 
of a block of 256 words may be selected by turning on the 
appropriate drive transistor. Switching between the 16 blocks 
is accomplished by the read selection circuits. An alternative 
driving system is described in Section 4. 

The amplitude and shape of the pulses at the output of the 
read amplifier are controlled by a number of factors. The 
drive waveform [Fig. 10(a)], which gives a current pulse of 
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Fig. 10.—Store waveforms. 


(a) Drive-current waveform. 
(5) Waveform at secondary of read transformer. 
(c) Read amplifier output. 


50mA, has a rise time of 20 millimicrosec. The corresponding 
read signal at the secondary of the read transformer [Fig. 10(5)] 
is the differential of the drive waveform, but is delayed by the 
transmission time in the drive and read wires of the store. The 
read amplifier, which uses three drift transistors and provides 
output pulses of 1 volt peak, has a response extending to 5 Mc/s. 
In consequence, the read pulses are broadened and delayed when 
they emerge from the output of the amplifier [Fig. 10(c)]. This 
results in an access time of 100 millimicrosec and a cycle time of 
200 millimicrosec, which is adequate for the required application. 
A reduction by a factor of at least two is possible if an amplifier 
with greater bandwidth is employed. 

The mesh has a width of 54in, this being the length of the 
read wires, and the length of the mesh and drive wires is 8 ft. 
These dimensions include spaces left between blocks of digits. 
To economize in space the mesh is folded back on itself half- 
way along its length. The mesh is mounted on a board which 
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carries the Plasticine backing material and is mounted with ¢ 
drive wires vertical. The store is loaded with the aid of a speci 
jig which has a number of holes to correspond with the requir 
apertures of the mesh. The jig is loaded with information a1 
keeper rods, and by placing it in the correct position on f 
mesh, these rods may be inserted. 


(4) THE CHANGEABLE VERSION OF THE STORE 


The permanent store is of value for holding standard libra 
sub-routines. An alternative version of the store has been ma 
in which stored information is changeable. This may be us 
for some of the more extensive programmes and for data whi 
are not changed during the course of a calculation. This versi 
of the store holds over 100000 bits and the entire contents, 
part of it, may be changed in under one minute. f 

The store is constructed-using the nylon mouldings shown 
Fig. 11. These are assembled in blocks of 32. Each mouldi 
has 26 tubes which contain ferrite rods 1 mm diameter and 3n 
long, half the length of the tubes. The blocks are assembled 
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Fig. 13.—Wiring of changeable store. ‘ 


a frame (Fig. 12), 32 blocks giving a storage capacity 
32 x 32 x 26 bits, or 512 words of 52 bits. The complete st 
comprises four frames. The balanced system of windings is 
the ferrite rods being able to occupy positions at one end of 
tubes or the other. The wires are threaded in a zigzag man 
between the tubes starting at one end on the first side of the fra 
(Fig. 13). When the wire has traversed one length of the f 
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de, the frame is turned over and the wire is threaded between 
e tube projections on the opposite side. At the end of the 
cond traverse, the wire is threaded back, completing the turns 
1 the opposite side. Finally the fourth traverse completes the 
rs on the first side. The read wires are wound in the same 
ay, but at right angles to the drive wires. The read wires are 
ound in the reverse sense on the opposite side so that the read 
snal will change sign as the ferrite rod moves from one end of 
e tube to the other. 

The information in the store is changed by blowing the rods 
om one end of the tube to the other, using a row of air jets which 
avels along the length of the store. This method is preferred to 
possible mechanical system in which the ferrite rods are moved 
y pusher rods. With this there is the danger of damage to the 
ouldings or to the wiring in the event of incorrect registration. 
lere is also an alternative electromagnetic system in which the 
ds are moved by a travelling row of electromagnets, but this 
considered undesirable because the rods have a high stiction 
the tubes and there is a danger that a rod in an adjacent row 
ay be moved unintentionally because a very strong field must 
> applied. 

The store is arranged with two frames in line with a further 
1 frames placed behind at a distance of 4in. The rows of 
fs are mounted on an arm which travels along a rigid girder 
the top of the frames. The travelling arm has 104 jets at one 
Je of the frame and an equal number on the reverse side 
ig. 14). The equipment is duplicated for the second pair of 


i 
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imes. The jets are grouped in pairs, one on each side of the 
ime, and are supplied by a change-over valve which admits air 
one or the other jet. The change-over valves are controlled 
small solenoids, and the complete group of 104 valves is first 
| according to the information to be stored: Then, at the 
juired time, a pulse of air is supplied to all the valves and the 
ds are blown to one end of the tubes or the other. The air 
pply is controlled by a master valve which is operated by a 
oto-electric sensing device. In addition to the normal tubes in 
2 mouldings, a special tube is provided with a smaller hole. 
light source is carried on one side of the frame on the 
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travelling arm and a photo-transistor on the other. As the 
registration hole is smaller than those in which the rods move, 
the master valve is operated only when the jets are correctly 
aligned in the centre of the holes. The air is supplied from a 
reservoir at a pressure of 101b/in*. All interconnecting pipes 
are kept as short as possible to reduce the time of the air pulses 
to reach the jets. The time allowed to move a row of 104 pellets 
is 100 millisec and the complete store can be changed in 55sec. 

The loading operation will be under the control of a special 
programme on the computer to which the store is to be con- 
nected. Since the reading time is negligible compared with the 
setting time, it is possible to check that the rods have moved 
correctly each time they are set. Facilities are available for 
reversing the jet carriage to correct a setting error. The tubes 
are sealed by a thin non-magnetic wire cemented across the ends 
to prevent the rods falling out. The wire is cemented to every 
tube to prevent the possibility of a shock wave travelling along 
it and thus moving a rod unintentionally. 

An alternative and more economical drive-selection system 
employs the diode matrix shown in Fig. 15. The rows of the 
matrix are controlled by transistors connected as emitter- 
followers and the columns are controlled by transistors which 
operate as switches. The transistors connected to the columns 
are controlled by waveforms applied at A,, A», A3, etc., which 
swing between levels above and below earth potential. When 
the waveform is above earth potential, the transistors are cut 
off and when it falls below earth, the selected condition, the 
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Fig. 14.—General arrangement of changeable store. 


particular transistor bottoms and the collector is held at approxi- 
mately earth level. The controlling waveform for the emitter- 
followers applied at B;, B>, B3, etc., swings between just above 
earth potential and —9 volts. The drive lines of the store are 
connected between the points PP, QQ, RR, etc. To drive a 
particular line ZZ, the level of A; is taken negative and B; is taken 
to —9 volts. A potential difference of 9 volts is then established 
across the line ZZ. The drive lines are terminated, as before, 
in their characteristic impedance. Certain other drive wires in 
the store experience a change in potential as a result of this 
action. These are all the drive lines connected to the selected 
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Fig. 15.—Drive-wire selection matrix. 


row wire of the matrix, e.g. VV, and these fall from +1 to 
—9 volts. None of the other drive wires change in potential. 
The. drive lines connected to the selected column wire, such as 
RR, normally rest near earth potential and experience no change. 

The matrix is used to select one out of 256 drive wires and 
has 16 rows and 16 columns. Because 15 drive lines change 
potential in addition to the selected line, the matrix system cannot 
be used in the case of the woven-mesh store without employing 
transformers. However, the capacitance between drive and read 
wires is considerably less when the mouldings are used to carry 
the wires and the present matrix selection system can be used 
without difficulty. The ratio of magnetic signal amplitude to 
the capacitive signal is then 100 to 1 in the worst case. 


[The discussion on the above paper will be found on page 605.] 
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(5) CONCLUSIONS 


The storage system described provides a simple and economic} 
technique for the construction of large-capacity, rapid-acces| 
permanent or semi-permanent stores. Two versions of the sto} 
have been constructed and successfully demonstrated. The rea 
out and cycle times of 100 and 200 millimicrosec are largely dete 
mined by the bandwidth of the read amplifier. The limititl 
values are set by the rise time of the current waveform, the pe] 
meability of the ferrite material at very high frequencies and tl 
transmission times for the signals in the store and associat@ 
equipment. | 

The whole or part of the contents of the second version of t 
store can be changed in under one minute, corresponding to} 
rate of more than 1 500 bits per second. 

The primary application of the store is for library prograi ar} 
instructions and permanent data, resulting in an increase 
overall speed of the computer and making available erasat 
storage capacity for other purposes. Other applications 2 
envisaged for small special-purpose computers operating wi 
fixed programmes. 
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SUMMARY 


» The paper describes a transistor switch technique which is of par- 
cular importance in applications where a large number of switches 
ave to be connected in series and where the propagation time of 
formation through these switches has to be a minimum. It is thus 
[importance in parallel addition, and its use in this connection has 
ben successfully demonstrated, yielding an addition time over 24 digits 
£200 millimicrosec. The technique is reasonably economical, and the 
iaper also shows how it can be used in conjunction with more con- 
tmtional logical circuits to provide a simple arithmetic unit. 


(1) INTRODUCTION 


| In any programme concerned with solving a problem on a 
‘igital computer the computation involved can be divided into 
‘tee distinct categories. The first is concerned with the main 
jalculation. In a modern universal computer the arithmetic 
nit provided for such calculations would be expected to operate 


ingth of number conveniently being termed a word. The 
jain orders would include operations such as shift left or right 2 
J ositions, various logical operations and also addition, subtrac- 
‘on, multiplication and division of both the fixed and floating- 
bint type. 

| |The second category is concerned with computation on the 
| ae part of an instruction which often takes place as that 
‘struction is being obeyed. The number of address digits is 
efined by the size of the high-speed store, and the capacity of 
‘iis storage is limited by economic considerations. Thus, in 
‘ractice, the address is not likely to exceed 20 binary digits, as 
‘\is number is capable of specifying over one million words. 
1 typical instances the address is confined to a half or quarter 
ord, and therefore arithmetic facilities are essential only over 
’ similar fraction of the word. 

i The final category of computation defines those small but 
‘umerous calculations concerned with the organization of the 
togramme, often termed ‘red tape’. This type of calculation, 
40, can be performed adequately on fractional word lengths. 
|A single arithmetic unit could deal with all three categories of 
/»mputation, but during the longer arithmetic orders, e.g. 
jultiplication and division, the high-speed store is capable of 
ipplying information at a rate in excess of that demanded by 
lis unit. Therefore, where speed of computer operation is 
fportant, a second arithmetic unit could be provided and its 
eration overlapped with that of the first unit. If operation 
f this second unit is restricted to use on the last two categories 
f computation, the engineering design of the unit can be con- 
derably simplified. For example, no multiplication, division 
t floating-point facilities are necessary and the numbers involved 
zed only be the appropriate fractions of a word. This simpler 
rm. of arithmetic unit forms the basis of the work to be 
| Prof. Kilburn is Professor of Computer Engineering, Manchester University, 
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described. It is designed to operate in a parallel manner in 
order to achieve a maximum speed of operation. 

In any parallel arithmetic unit the factor which would appear 
to limit the speed of operation is the carry signal which has 
to propagate serially from the least to the most significant 
channel in the worst case. Numerous techniques have been 
used in order to minimize the need for carry propagation or 
to reduce the carry propagation time. Some techniques are 
enumerated, together with appropriate references: 


(a) Provide a carry indication at each parallel channel by virtue 
of gating all the input signals from less significant digit positions 
(Reference 1). 

(6) Store the partial answer and a carry in the arithmetic unit 
and only allow assimilation when the contents of the arithmetic 
unit have to be returned to the store. This is a particularly useful 
technique where long sequences of additions occur, as, for example, 
in multiplication (References 2 and 3). 

(c) Test for the cessation of carry, since the average distance which 
a carry propagates is approximately log2 n, where n is the number 
length. The time for addition is then variable and is a function of 
the actual number of channels over which carry is propagated 
(Reference 4). 

(d) Split the numbers into groups and test the configuration of 
digits within the group to determine whether the output carry from 
ees group either enters or skips that group (References 5, 

and 7). 


The technique of carry propagation described in this paper 
reduces the time for carry propagation by such an extent that 
none of the aforementioned techniques are necessary. The 
logical simplicity and economic advantages of this new system 
are also significant points in its favour. A recent short paper® 
gave an intimation of the technique used. That discussion is 
now further expanded and more practical details are presented. 


(2) LOGICAL DESIGN OF THE ADDER 


The design of stage k of an n-stage parallel adder using 
mechanical switches is shown in Fig. 1. The kth digits of the 
numbers x and y and the carry signal from the (kK — 1)th stage 
are added to produce the sum A, and the carry information C, 
and C,. The switches are controlled by an appropriate logical 
function generated from the x and y digits particular to that 
stage. A signal originates when the x, and y, digits are equiva- 
lent; two ‘1’s generate a carry and two ‘0’s a not-carry signal. 
These signals are propagated along two separate paths termed 
the ‘lower carry path’ and ‘upper carry path’, respectively. 
Signals similar to these but arising in less significant stages can 
be transmitted through stage k when x; and y; are not equivalent. 
Tn any stage the sum output is formed by routing the input carry 
and not-carry to a common output via switches which operate in 
a mutually exclusive manner. 

The control of these switches is independent of the nature of 
the carry signals, and thus all switches can be operated simul- 
taneously in a time referred to as the ‘set’ time t,. Subsequently 
the maximum delay in determining the value of the most signi- 
ficant answer digit A,_, is that appropriate to the propagation 
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Fig. 1.—Logical diagram of parallel adder using a switch path. 


of a voltage step through m — 2 contacts in series plus their 
interconnecting wire. Since the switches are of a mechanical 
type, the speed of propagation approaches that of light, and 
the actual delay is calculable from the physical length of the 
path. The technique thus makes the carry propagation delay 
small compared with the ‘set’ time of the switches, which 
therefore becomes predominant in the determination of the 
time for an addition. This ‘set’ time of the switches can be 
reduced in practice by the use of junction transistors which are 
used in their no-current and ‘saturated’ states to simulate the 
open and closed positions of the mechanical switch. An 
important property of a saturated transistor is that a voltage 
step can be passed from emitter to collector with negligible 
delay, provided that no change in the saturation condition 
occurs. This feature is independent of the cut-off frequency f 
of the transistor, but it is important to have a high value of f 
in order to switch the transistor in and out of saturation at a 
high rate. The use of transistors has thus maintained the carry 
propagation time at a small value but decreased the ‘set’ time 
and hence the addition time very significantly. 

In practice the original design has been modified to that shown 
in Fig. 2. The upper carry path has been eliminated for eco- 
nomic reasons, and the sum switches have been isolated from 
the carry path by using emitter-followers in order to minimize 
loading on that path. The sum switches, too, have been changed 
to the more conventional diode gates, since that form of circuit 
can be accommodated more conveniently in the part of the 
arithmetic unit dealing with the sum output, and maximum 
speed of propagation is not as important in these positions. 
Further information on the transistor switch is now provided. 


(3) THE TRANSISTOR SWITCH 


The simple equivalent circuit of a p-n—p transistor is shown 
in Fig. 3. The diodes indicate the rectifying nature of a p-n 
junction, and the current generators F and R provide currents 
to simulate transistor action when the emitter-base and collector- 
base junctions, respectively, are forward biased. Most transis- 
sistors are not symmetrical and typically xp < «,. The con- 
densers shown vary according to the operating condition of the 
junction. When reverse biased the capacitance is referred to as 
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Fig. 3.—Simple transistor equivalent circuit. 


a barrier capacitance and its value is approximately inyersel 
proportional to the square root of the voltage across it. I 
the forward-biased condition a diffusion capacitance exits whic 
is proportional to the forward current, and except in v.hi 
transistors (f= 1Gc/s) this diffusion capacitance is mue 
greater than the barrier capacitance. Two forms of transiste 
switch exist, and these are identified by the bias conditions ¢ 
the two junctions. 

In the conventional switch the collector-base junction 
reverse biased, and the collector current J, is dependent upo: 
the amount of forward bias applied to the emitter-base junctior 
If this bias is changed the number of carriers crossing the junctio 
increase, but before they reach the collector some time mus 
elapse for these carriers to diffuse across the base region. Th 
transistor has to change its condition in order to pass informé 
tion, and the switching time #, is a function of f, the transiste 
cut-off frequency. If 7 of these switches are connected in serie 
the time to propagate information from one end to the other | 
proportional to ni, i.e. n/f. 

The second form of switch is similar to a mechanical swite 
in that its contacts can be closed to complete a circuit inde 
pendently of the passage of information. The time to pat 
information through n such contacts in series is then equal t 
t, + nt, The term ¢, is the ‘set’ time of the slowest switcl 
and, as can be seen later, is a function of f, although in practic 
t, will always be greater than t,. The other factor ¢, is th 
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opagation time of information through one contact, and if 
is is similar to a mechanical contact the velocity of propagation 

il approach the velocity of light. It is possible, in practice, 
|make nz, and /, small, so that ¢, + nt, is less than nf,, and 
| this way the carry process can be accelerated. 

The ‘off’ condition of this switch occurs when both junctions 
'e reverse biased, and the only current which then flows will 

> due to leakage. The ‘on’ condition corresponds to both 
iictions forward biased, a state which occurs when fIz > J,. 
‘Is the external collector current which can be limited by the 
ternal circuit, and f is the usual current gain defined as 

(1 — a). Under this condition some current i, from the 
merator providing «;i, flows through the diode V. Since 
lz >I, many more carriers cross the emitter-base junction 
lan are collected by the collector, and these are stored in the 
ase region (hole storage). The transistor in this state is said 
) be saturated. 

Provided that the state of saturation is maintained, a very low 
apedance exists between emitter and collector, and a step of 
wrent or voltage can be transmitted almost instantaneously 
om emitter to collector. The voltage drop across the transistor 
nitter to collector corresponds to the difference in voltage drop 
sross V,, and V;,,, and this can be very small as confirmed by 
le experimental results given in Appendix 12.1. This low 
‘tage drop permits many such switches to be connected in 
Ties. 

Switching a transistor out of saturation takes longer than 
witching off a similar current in a normally operated transistor. 
his is because a large diffusion capacitance exists across both 
mctions instead of only the emitter-base junction. Any 
crease in the charge supplied to the base terminal will 
nprove the switching time. 

The diffusion capacitance is proportional to 1/f, and thus a 
igh-frequency transistor is required to achieve the fastest ‘set’ 
me. Available transistor types are as follows: 

Alloy: f up to 20 Me/s. 

Surface barrier: f up to 40 Mc/s. 
Drift: f up to 100 Mc/s. 

Micro alloy diffused: f = 250 Mc/s. 
Mesa: f = 600 Mc/s. 

‘Most of the drift and mesa types have the characteristic that 
leir high-frequency performance is only obtained with a reverse 
Mlector-base voltage of about 3 volts, and thus they do not 
perate at high speed in and out of the saturated state. Switch- 
ig tests carried out on the other types of transistor are discussed 
| Appendix 12.2. 

Switching time is also afiected by the connection of the 
ansistor, i.e. whether it is switched in the forward or reverse 
rection. The latter case corresponds to use of the collector as 
a emitter. Any transistor with a built-in ‘drift’ field will 
witch slowly in the reverse mode, and hence in an application 
here this mode is used, a similar performance might be obtained 
| a more economical manner by using a slower but more sym- 
trical transistor. Thus, for example, the surface-barrier 
ansistor 2B240 and the micro-alloy diffused transistor 2N501 
re almost equivalent if the sum of their forward and reverse 
vitching times is taken as the figure of merit. 

The switching conditions in the carry path are now discussed. 


(4) AN EXPERIMENTAL CARRY PATH ‘ 
One stage of the practical carry path is shown in Fig. 4. This 
iagram closely resembles Fig. 2, but now the mechanical switch 
tacts have been replaced by transistor circuits. The tran- 
stor switches are controlled by function waveforms applied 
rough a diode-resistor circuit to the base terminal. This 
Tangement ensures that the transistor switches on with a 
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Fig. 4.—Practical carry path. 


relatively constant current which is independent of small voltage 
movements of emitter, base and collector. The reverse current 
available to switch the transistor off is a function of the source 
impedance driving the function waveform. These function 
waveforms operate transistors T, T’ and T” in a mutually 
exclusive manner so that only one of thetransistors is defining 
the voltage level of the carry path. Under transient and fault 
conditions, however, two transistors could be switched on 
together, for example T’ and T” conducting simultaneously 
would try to connect the —3 and —4-5-volt lines together. To 
prevent excessive power dissipation in the transistors in this 
instance the —3-volt line is limited to a maximum current of 
15mA. 

When the adder is inactive the T’ transistors are all conducting 
to hold the carry path at —4-5 volts, the no-carry voltage level. 
The emitter and base currents are almost equal to ensure that a 
minimum current is demanded from neighbouring stages by the 
transistors. To establish a carry, for example, in stage k, the 
T, transistor is turned off and the T;; transistor is turned on, thus 
changing the voltage of the carry path to —3 volts, the ‘carry = 1” 
level. The amplitude of the carry signal is 1-5 volts, and this 
has been made small to minimize the amplitude of the function 
waveforms which must completely envelop the carry signal in 
order to switch the transistors correctly. The function wave- 
forms swing between —5 and —2 volts, respectively. 

The function waveforms have a finite rise time, and when 
considering a change in the setting of switch transistors T, T’ 
and T”, significant delays can be caused by the function waveform 
moving to a suitable level for operating the transistor. Further 
variation occurs because the transistors T and T’’ can both be 
switched using the collector as an emitter. When the emitter 
is more positive than the collector at the time of switching, the 
speed of switch is governed by f;, the « cut-off frequency of the 
current generator F. However, if the collector is more positive, 
the cut-off frequency fp of the current generator R will be the 
main factor. If fr > fp it is desirable to use some form of 
reset technique so that forward switching is always ensured. 
Alternatively a symmetrical transistor should be used in this 
position. 
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When a number of these stages are operating, the stage 
initiating the carry has to be capable of driving the other stages 
plus their associated capacitance. In practice, the speed of 
switching the carry-generating transistors can be improved by 
inserting an emitter-follower after each group of six stages. An 
emitter-follower stage has a potential difference between emitter 
and base of the order of 0-3 volt in the type of transistor used, 
and this causes a shift in the level of the signal. Since the 
carry signal is only 1-5 volts in amplitude, a shift of 0-3 volt 
every six stages is undesirable. A diode of the gold-bonded 
type is therefore used to back off this voltage drop by lowering 
the output signal level from the emitter-follower. Though, in 
practice, this cannot be done exactly it has been found dependable 
in reducing the drop. 

Twenty stages of this carry path have been constructed and 
operated satisfactorily using SB240 transistors in positions T, T’ 
and T”. A carry could be transferred from the least to most 
significant in about 80millimicrosec. The delay was found to 
be made up of two components. The first depends on the rise 
time of the function waveforms and the setting of the transistor 
switches, which, of course, is not a cumulative effect. The 
second component was the delay through the closed switches 
principally due to the physical length and form of the path. 
This length was approximately Sft and resulted in a delay of 
about 20millimicrosec. Replacement of the T transistors by 
short loops of wire showed that the transistors in this configura- 
tion contributed some 10 millimicrosec of delay. 

This carry path was incorporated in an experimental adder 
for further test. 


(5) EXPERIMENTAL ADDER 


The logical arrangement of this adder is shown in Fig. 5. 
Numbers from the x and y registers can be added together and 
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Fig. 5.—Schematic of adder system for operation x + y to y. 


the result returned to the y register. 
a ‘running’ total. 

The x and y register outputs drive diode gates generating the 
sum and carry function waveforms that are defined in Fig. 2. 
The gate outputs were emitter-followed in order to drive the 
carry and sum logic. There are two routes through the adder 
which can affect the output from the sum logic. The short 
route which circumvents the carry path is due to the sum switch 
waveforms, and this is assumed to have a delay ¢. The route 
through the carry path has a variable delay 0,,;, to @nax Which 
depends on the carry signal arising in either the most or the 
least significant stage. The difference (6,,.. —Onim) is the 


The y register thus contains 
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propagation time of the carry from the least to the md | 
significant position. ‘ 
The output from the sum logic is gated to the y register by, 
narrow strobe pulse of duration 7, which must be less than t/ 
minimum delay through the adder. This must occur in ord) 
that a change in the output of a y register cannot feed back 
time to be included within the strobe duration. The 
time between strobe pulses, i.e. the addition cycle, must || 
greater than the maximum delay through the adder. | 
In practice 7 is determined by the set time of the answer fi | 
flops, and ¢, 6,,i. and 0,,,, ate also known. Thus if r >t | 
Onin and t < O,,jn, an extra delay A, must be included as shown} 
Fig. 5, so that (Ay + 1) = Onin. Since T > Onin a further deli 
A, will have to be inserted in the common path so thi 
T< Onin + Az. The time between additions is now 8,,,, + Z) 
In the experimental adder 7 was 100 millimicrosec. A, wy 
also 100 millimicrosec; and-an addition cycle of 200 millimicros} 
was achieved. Since the operation of this adder, faster flip-fl 
circuits have been designed, and the length of the carry pa} 
has been reduced by careful layout on the printed circuit board! 
These factors should contribute some improvement in speed, b| 
in any arithmetic unit there is likely to be more complexity 
in the system described, and this will detract from the improy) 
ment. An arithmetic unit is described in the next Section. 


(6) SIMPLE ARITHMETIC UNIT 


The simple arithmetic unit carries out arithmetic operatio} 
and address modification on half words of 24 binary digits. | 
is termed the B accumulator in accordance with the usual nome) 
clature for address modifiers. The unit differs from the maj 
accumulator in that a large number of answer registers a/ 
provided. In the development of machines the number of } 
registers has increased from 2 to 4 to 8 and 16 respectively, il 
larger number of B registers being particularly useful in aut} 
code procedures. It is thought that B registers will also be | 
demand for machines using extensive time-sharing techniqu) 
to peripheral equipment, and for this reason 128 such registe 
have been provided in this unit. To be economic these registe| 
are constructed in the form of a 128-word core storage syste} 
with a cycle time? of approximately 0-5 microsec. 

A list of the instructions associated with this unit is giv! 
in Appendix 12.4. It contains the usual logical and arithmey 
facilities plus two shift orders which facilitate manipulation | 
six-digit characters and provide access to single digits in eai 
character. | 

A block diagram of the unit is shown in Fig. 6. The 
numbers which enter the unit from the store S and register 
respectively, can be selected from one of several sources, at 
these channels are shown gated together into the S, and ] 
information channels. The S, number is used directly, but 1 
B, number may be shifted either six places to the left (mo 
significant) or one place to the right (less significant). Bo 
these shifts are of a circular nature. The input information | 
and B, or B,_¢ or B,,; is then converted to double pha 
signals which are used in either the logical operations unit | 
the adder subtractor. It would be possible to gate the adder/su 
tractor to provide logical operations, but to avoid slowing 
down, a completely separate logical circuit has been provide 
Control signals enter both the adder/subtractor and logical ur 
to define the required operation. Subsequently the outputs | 
each unit are gated together to provide the final output. T! 
may be sent either to an S- or a B-type register, and to achie’ 
fast operation both phases of output are provided. This tec 
nique eliminates the need for a reset to the S or B registers. 

The realization of this arithmetic unit in practical terms 
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| Fig. 6.—Block schematic of one stage of simple arithmetic unit. 


“spendent upon the circuit techniques used for the gating 
ad storage requirements. These techniques are now briefly 
iscussed. 


(6.1) Circuit Design 


\In the major part of the machine standard logical units are 
‘ied to provide gating, amplification and restandardization of 
2 be voltage levels. The carry circuit, however, produces an 

itput of non-standard form since this carry signal must be 
\mpletely enveloped by the function waveforms. Hence the 
/m logic has been designed to accept non-standard input levels 
)id provide standard output signals. 


1.1) Basic Logical Unit. 

) Initial work on the experimental adder showed that it was 
sirable to define clearly the voltage levels of the signal and 
ting waveforms. The basic logical unit shown in Fig. 7(a) 
Js been designed to provide this feature. It consists of a 
‘Jmsistor amplifier with a defined emitter current of 8mA. 
iis current flows into a catching diode V7 when the transistor 
}cut off and into the collector when the transistor is switched 
. The collector voltage levels are defined by two diodes Vg. 
Ad Vo which are attached to the clipping levels of 0 and 
41-5 volts. These diodes are of the point-contact low-hole- 
}orage type and allow the collector voltage to swing between 
0-5 and +2 volts. The current available at these levels 
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Fig. 7.—Standard circuit technique. 


(a) Practical circuit. 
(6) Logical representation. 
(c) A standard register, 


depends on the collector load, but is a maximum of 7mA, 
which can be provided as +3°5mA. 

The input circuit consists of two or more diode ‘and’ gates 
which are followed by an ‘or’ gate. The information signals x 
and y are typically at collector levels, and the necessary change 
in d.c. level to drive the base of the transistor is achieved by the 
use of a resistance network. The condenser is calculated to 
supply sufficient charge to the transistor base to switch the 
emitter current completely on or off. 

The large voltage drop from emitter to collector in excess of 
5 volts is maintained to provide good high-frequency charac- 
teristics in the transistor. It means, however, that the resistance 
networks to the base must be defined with 1% resistors. A very 
stable metal-oxide resistor type is used. In practice, the typical 
delay through a stage is of the order of 15 millimicrosec, and the 
rise and fall times are about 20 millimicrosec. These measure- 
ments may be found to be in error when a better oscillograph is 
available. The logical unit can in theory drive three diode ‘and’ 
gates, but, in practice, to achieve the maximum speed the load 
is restricted to a maximum of two gates. 

This may at first sight appear restrictive, since, in a computer, 
an output may be connected to many inputs. However, at any 
given time only one and sometimes two inputs are activated, 
which means that the d.c. loading of a multiple connection can 
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be reduced by making the contro] waveforms P and Q to the 
‘and’ gates be at a level where they take all the current. These 
larger control waveforms are distributed by special driver circuits. 
In this way all the non-operative connections only increase the 
capacitance applied to the output of the logical unit. 

The logical representation of this unit is shown in Fig. 7(d), 
and in Fig. 7(c) the necessary arrangement of two such units to 
make a flip-flop is demonstrated. This flip-flop is set or reset 
according to the phase of x and X when the control waveform P 
goes negative. A further modification to the unit, replacing V7 
by a transistor with a common-emitter connection, base connec- 
tion to +7-:5 volts and identical collector circuit, produces a 
unit providing both phases of output information and is termed 
a ‘long-tailed pair’. These units and the carry path already 
discussed are used in the design of the arithmetic unit. 


(6.2) Detailed Design of the Arithmetic Unit 


The input gates of the arithmetic unit are shown in Fig. 6. 
The signals (S,, B,) are routed through and gates to long- 
tailed-pair circuits which provide both phases of information 
signals x,, X,, ¥, and y,. In the quiescent state with all gates 
closed by control signals the x; and y, outputs will be at the more 
positive voltage, thus representing ‘0’. The outputs from these 
long-tailed-pair circuits are used to perform addition, subtraction 
and logical operations, and the design of these computing circuits 
is conditioned by the fact that one output must not drive more 
than two gates at any time. The way this has been achieved is 
shown in Fig. 8. 
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Fig. 8.—Detailed logic design of arithmetic unit. 


(a) Logical operations. 
(6) Switch waveforms for adder subtractor. 


The logical functions ‘and’ and ‘not equivalent’ are produced 
directly by the circuit of Fig. 8(a), and the operation ‘or’ may 
also be carried out by simply applying the ‘and’ and ‘#’ control 
waveforms simultaneously. When these operations are being 
performed the arithmetic gates are isolated from the information 
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signals (x, y, X, Y) by control waveforms, and similarly d 
addition or subtraction the ‘and’ and‘#’ control waveforms ar} 
both more positive than these signals. Generation of thi 
switching waveforms applied to the transistors T,, Ty and 7 
in the carry path is illustrated in Fig. 8(b). The logical desi; 
is more complicated than that previously discussed since thy 
carry path is used for addition and subtraction. When logic 
operations are being performed the control waveforms ‘ad 
and ‘subtract’ are positive to isolate the d.c. loading of 
adder/subtractor gates from the long-tailed-pair circuits pr 
viding the information signals. Under these conditions selectio 
of T,, Tj, and Ty in the carry path would no longer be mutual} 
exclusive. To prevent this, the carry path is established at j 
standard state by the control waveform ‘not arithmetic’. hu} 
three modes of switching occur in the carry path and the way 
forms applied to the transistors T,, T, and Tj; under eac 
circumstance are as shownin Table 1. { 


Table 1 


FUNCTIONS APPLIED TO CLOSE TRANSISTOR SWITCHES T,, Ty, Al 
T, IN THE CARRY PATH 


Operation Th Tes 


Addition Xi and Vz x, and yr 


Subtraction .. Xz and yz 


Closed 


x, and yz 


Not arithmetic Open 


Three arithmetic operations (x + y), (x — y) and (y — x) 2 
to be carried out. In switching the carry path, different sign 
only arise from the statements ‘add’ or ‘subtract’. To achi 
this, the levels of the carry signals must be interpreted in 
different sense according to the type of subtraction performe 
A negative level indicates ‘carry or borrow = 1’ for (x + y) a 
(x — y), respectively, and a positive voltage level a ‘borrow = 
for the (vy = x) operation. This statement is summarize 
Table 2. 


Table 2 
FUNCTIONS USED IN SUM/DIFFERENCE LOGIC 


Carry signal Ex 


Operation Dea 


Cr-1 


Wr-1 
Wr-1 


x+y Xk FVk 


ny Xk = Vk 


Xk AYVk | 


Xk = Vk 


The signal which, when combined with the carry, provid 
the sum or difference output is generated from the switchin 
waveform applied to T,. Two phases E and E,, (see Fig 
are generated by a long-tailed pair, and these are gated \ 
signals specifying the type of operation to provide a signal 
The form of signals E, and F, for the different operation 
given in Table 2. 

The design of the circuit which combines waveform Fy ‘ 
the output of the carry path, D,_;, to provide the sum 
difference is shown in Fig. 9. This Figure also shows the outp 
circuit which combines the logic and adder/subtractor outpi 
During arithmetic operations the signal L;, is at a posi 
voltage level and thus does not affect the output. The sigt 


) en if ADDER Dies 
LOGIC SIGNALS 


OUTPUT 1 (0) 


9 Fig. 9.—Design of sum/difference logic and output circuit. 


fev and F;,, are supplied in a double phase form to the gates 
lich provide the arithmetic sum or difference, A,. 

‘This function can be expressed by the following Boolean 
‘uation: 


Ax = (F, and D,_ 1) or (Fj, and D,_ 1) 


‘hen this equation is compared with Table 2 it is evident that 
equations describing the sum and difference can both be 


= (xx = yx) and cy_1 OF (x% A Y_) and F_. 
Difference = (x, = y,) and w,_, or (x, F yx) and Wy_4. 


lf the adder/subtractor is inoperative F;, is always positive and 
4 is negative, thus ensuring that A, indicates zero. The 
‘put of the adder/subtractor is combined with that of the 
‘ical circuits in an ‘or’ gate which feeds a long-tailed-pair 


cuit producing a double-phase output signal. 


1.1) Practical Details of the Carry Path. 
The reversal in significance of the voltage levels of the carry 
th to accommodate both types of subtraction is more eco- 
tnical and provides slightly faster waveforms to the switches 
\the carry path than the alternative methods. It results in 
ne complication to the least significant stage of the carry 
th, but in all other stages the two forms of subtraction need 
| be identified. In stage ‘0’ of any adder/subtractor, carry or 
‘row signals are only generated, and thus, in this instance, 
iy ‘two transistor Ty and Ty are essential. However, to 
‘plify the switching waveforms it is convenient to have the 
Jangement shown in Fig. 10. In stage ‘0’ the transistors are 
|itrolled by waveforms identical with those in other stages and 
ied in Table 1. Thus during addition and subtraction the 
Asistor Ty is switched by xp 4 yo and xp = Yo, respectively, 
|i these conditions should transmit a ‘carry = 0’ or ‘borrow = 
signal through stage ‘0’. Since the level of the carry path 
|| be interpreted in different ways, dependent upon the mode 
subtraction, two transistors T” ,; and T/_,; attached to different 
tls have to be used. These are switched, as shown by the 
)ropriate function waveforms. In this way it is also possible 
jperform the operation x + y + 1. 
\"he output levels from the collector of a standard inverter are 
roximately +2 and —0-5 volts, respectively. The upper 
21 is inadequate to switch the transistors of the carry path, 
iW 
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STAGE O STAGE -} 


TO suM/DIFE 
LOGIC 


Fig. 10.—First stages of the carry path. 


T 4; closed for operations (y — x) or (x + y + 1) or (mot arithmetic). 
T_ closed for operations (x + y) or (x — y). 


owing to voltage variations along the path, and is increased to 
+2°5 volts at the outputs of the inverters driving the switch 
transistors. The carry signal levels, nominally +1-8 to 
+0-3 volts, lie within those of the switching waveforms. This 
non-standard amplitude and level means that the carry signal 
cannot be applied directly to a basic logical unit. The sum/dif- 
ference logic shown in Fig. 9 is therefore performed by non- 
standard circuit techniques described in Section 12.3.2. 


(6.2.2) Inherent Delays in the Arithmetic Unit. 


The delays in the arithmetic unit are of two types, and these 
occur in the basic logical inverter circuit and the carry path, 
respectively. The former delay in circuits with a minimum- 
capacitance load varies between 12 and 20millimicrosec. In 
practice, with capacitance loading these figures can be increased 
to 15 and 25millimicrosec. The carry-path delay consists of 
the set time of the slowest switch, approximately 80 millimicrosec, 
and the propagation delay of 20 millimicrosec. This former time 
is greater than the value quoted in Section 12.2 owing to the 
increased capacitance both on the carry path and the stages 
providing the switch waveforms to the path. These capacitances 
arise because of 

(a) The presence of a third switch transistor and an emitter- 
follower at each stage. 

(b) The presence of many stages of carry. 

(c) Wiring between boards. 

In the arithmetic unit two delays are of interest, one through 
the path which performs the logical operations and the other 
through the adder subtractor. In the former instance delay 
from input to output arises due to four basic stages through 
which information passes, and this delay is a minimum of 
48 millimicrosec. For the latter case the minimum delay from 
input to output can occur via the sum switch waveforms which 
by-pass the carry path as explained in Fig. 5; this amounts to 
72 millimicrosec, i.e. six invertor stages. The strobe-width 
gating information into flip-flops is defined by the minimum 
delay through the arithmetic unit, and to make this consistent 
for both logic and addition or subtraction, a delay AL is included 
in the logical-operations channel as shown in Fig. 6. The 
minimum time between successive strobe pulses is defined by 
seven times the maximum delay in a basic circuit plus the 
carry-path delay. This amounts to 275 millimicrosec. 

In the main accumulator of the machine there will be a 40-stage 
adder. Assuming that 40 stages of carry path can be connected 
in series, this increase in the number of stages only contributes 
an extra delay of 14 millimicrosec. However, since the accumu- 
lator does not perform the logical operation and also the number 
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of inputs to be gated is less, two basic circuits can be removed 
from this path and the maximum accumulator addition time is 
expected to be of the order of 250 millimicrosec. In the main 
accumulator multiplication and division have to be performed 
and these operations are now discussed briefly. 


(7) MULTIPLICATION AND DIVISION 


The time for multiplication of two numbers D (multiplicand) 
and R (multiplier) is dependent upon the number of sub-products 
which have to be dealt with, and this is clearly a function of 
number length. In the simplest case if D and R are 40 digits 
the number of sub-products is also 40. This number of sub- 
products can be reduced by using the following method. From 
the register storing D, the numbers D, 2D and 4D are readily 
available. If a further register is provided a single addition of 
D and 2D provides the number 3D. Thus the multiplier number 
R can be examined in groups of three digits and the appropriate 
sub-product 0, D, 2D, 3D or 4D added or subtracted from the 
running total of sub-products. In this way only 39/3 sub- 
products need be provided and the multiplication time is thus 
13 + 1 addition times, ic. approximately 3-Smicrosec. The 
built-in shift in the accumulator will then be over three positions. 
If the shift time is less than an addition time which is doubtful 
at this stage, a further time reduction could be achieved by 
merely shifting for groups of three ‘0’s or three ‘1’s. 

Division also requires a number of repeated subtraction or 
addition operations. Since division is a process of trial and 
error, a maximum of 40 such operations could be required, 
although a small amount of test equipment permits the average 
number of operations to be halved. 


(8) ANOTHER APPLICATION OF THE SWITCH- 
STANDARDIZATION OF NUMBERS 

In floating-point machines numbers typically consist of two 
parts, a fraction X and exponent Y. In floating binary the range 
of numbers which can be represented is given as X2Y, the frac- 
tion X being specified to a certain accuracy within the range of 
positions denoted by 2¥. The fraction XY has a ‘standard form’ 
representing a range of numbers which the arithmetic unit 
accommodates. When a number exceeds the range, for example 
by a carry into a more significant place, the accumulator is 
shifted to bring the number within range again and the exponent 
is appropriately modified. This process is termed standardiza- 
tion. In a very restricted range of numbers, for example, a 
number is said to be standard if it exhibits a change-over in the 
value of digits occupying the most significant and the next-to-the- 
most-significant digit positions.!° 

Standardization can be carried out by a shift and test process, 
the direction of shift either to least or most significant being 
determined by another test. When a small number has to be 
standardized the successive shift and test procedure can take a 
long time. If the accumulator is provided with multiple shift 
paths, it will be faster though more expensive to detect the most 
significant change-over of digit values and then carry out the 
appropriate shift and exponent correction. 

Circuits to detect the most significant change-over in this way 
are illustrated in Fig. 11. The switch path shown indicates a 
voltage M only on the output point in the most-significant- 
digit position at which x = 1. All other positions will have 
the voltage 0 on the output point. Consider how the switch 
path shown reacts to the following positive input number: 


0-01686.. 


In the first two digit positions the path will show voltage M, 
but the output will show voltage 0 since the switches X will be 
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STAGE n-1 | STAGE k STAGE o 


OUTPUT | ouTPuT 
(a) 
STAGE n-1 STAGE k STAGE 0 
Xna4 \LTP j 
o 
qlnce) poy 


OUTPUT © 


if 
OUTPUT OUTPUT 


(b) 
Fig. 11.—Most significant change-over detectors. i 


(a) Switch path. 
(6) Standard logical circuits. 
x = x for positive number or x for negative number. 
= x for positive number or x for negative number. 


Output = M at stage following most significant change-over. 


open and X’ will be closed. The third digit position will intr} 
duce voltage 0 to the path, but its output will be voltage M si | 
switch X’ is open and X closed. Further digit positions ci 
now only ever have voltage 0 on the path and can therefo| 
only ever give an output voltage 0 irrespective of the order | 
which the switches open and close. A negative number | 

have a change over from ‘1’ to ‘0’ instead of from ‘0’ to 4 
It is therefore necessary to change the significance of the sigr 
controlling the switches. A method using standard logic 
circuits is shown in Fig. 11(6). The signal 17 may have to 
through all the ‘and’ gates corresponding to all the digit positio 
The delay may be as much as 800 millimicrosec in a 40-di ig) 
number. This compares very unfavourably with the delay of I le 
than 150 millimicrosec expected along the switch path and empl 


sizes the superiority of the switch path technique. oo} 
4 


(9) CONCLUSIONS 5 


A useful transistor switch technique has been demons 
which is primarily of importance in reducing carry propagatic 
time in parallel addition. The time taken for a carry to reach! 
most significant stage is a function of the length of path and t) 
switch time of the transistors in and out of saturation. T 
former time is of the order of 20 millimicrosec in the final sch on 
discussed, and this might be further improved by special lay 
schemes for the switch resistors. Wire lengths on the transi: 
emitter and collector connections are also of imporracaa ar 
these too could be reduced by selection of the right trans 
type. The latter time is a function of the speed of edge of t 
controlling waveforms to the switch transistor and also off 
switch transistor itself. A maximum switch time including be 
these factors is 80 millimicrosec. i 

At this stage of development the main factor determining t 
addition time is the speed of the conventional logical un 
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ction 6.2.2 shows that a time of 175 millimicrosec is due to 
ese units and only 100 millimicrosec to the carry path. Thusa 
mificant improvement in addition time can be achieved by 
eeding up operation of the logical unit. This suggests the 
e of transistors such as the 2N1142 which should provide a 
eed improvement by a factor of at least two. Under these 
rcumstances an addition time of better than 175 millimicrosec 
uld be achieved. 
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(12) APPENDICES 
(12.1) D.C. Measurements on Switch Transistors 


(he circuit of the carry path must be designed so that the 
tch transistors have a low potential difference between emitter 
| collector when saturated. Measurements of this potential 
erence have been made on SB240 and 2N501 transistors. 
‘wo series of measurements are described. In the first the 
lector is held at a fixed voltage and the base current made 
lal to the emitter current. Ten samples of each type of 
isistor are tested and the results are given in Table 3(a). The 
ential difference is measured by a comparison method which is 
urate to within +0-1mV. The results show that the SB240 
Vor. 107, Part B. 
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Table 3 


POTENTIAL DIFFERENCE BETWEEN EMITTER AND COLLECTOR 
OF SB240 AND 2N501 TRANSISTORS 


ital ars Potential difference between emitter and collector, mV 
Max. AY. Min. Max. Ay. Min. 
SB240 10-5 8 6:4 or 2-8 22 
2N501 3313 24 T5;2 54 7 0-4 
TO Ie =0 
To fee: Ip = Ip = 1 MA 
(a) (0) 


has a lower potential difference than the 2N501. In the second 
series the emitter is held at a fixed voltage and the base current 
made equal to the collector current. The same batch of tran- 
sistors is used and the results are given in Table 3(d). 

The $B240 transistor has a lower potential difference between 
emitter and collector when collector current equals base current 
and the emitter current is zero, than when emitter current equals 
the base current. This is explained by the results of a third 
series of experiments in which the transistor is connected with 
its collector at a fixed voltage and with a constant base current 
of 1mA. 

The emitter current is varied and the potential difference 
between base and collector, V,., and between base and emitter, 
V,., are measured by a comparison method. The results for 
the SB240 and 2N501 transistors are plotted in Fig. 12. Each 


0:45 
040 Neb 
SB 240 
ce 
035 
VYeb 
ri 
a 030 Veb 2N 501 
> 
0:25 
0:20 
ad ie) 1 2 a 4 
EMITTER CURRENT I,, mA 


Fig. 12.—D.C. measurements on SB240 and 2N501 transistors in 
saturation. 


transistor has a value of V,, which shows little variation in the 
range of currents indicated. In each case V,, is greater than 
V.» for positive values of emitter current, and yet less than V,, 
for negative emitter current. Thus the difference between V., 
and V.,, which corresponds to the potential difference between 
emitter and collector, is zero in the region of zero emitter current. 

The 2N501 transistor shows an abrupt change in V,, as the 
emitter current becomes negative. This causes the potential 
difference between emitter and collector to be very sensitive to 
current in the region of zero emitter current and accounts for 
the wide range of results recorded in Table 3(5). 

21 
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This Table shows that the transistor with the lowest average 
voltage drop is the SB240 connected so that the collector current 
equals the base current. 


(12.2) Switch Measurements on Transistors 


A circuit which simulates the condition of the switch path is 
used to test the switching properties of transistors and is shown 
in Fig. 13. The transistors under test are placed in the positions 


~=N—— 90% 
DIODES OA 47 
TRANSISTORS AS TABLE 


7 


Fig. 13.—Test circuit. Switch properties of transistors. 


T, and T,, The switching waveforms x and x are derived from 
a standard long-tailed-pair unit which thus provides output 
levels of +2 and —0-5 volts. The timing measurements are 
carried out with reference to the x waveform, and the method of 
measurement of times f,; and ¢, is shown in Fig. 13. 

A batch of 10 transistors was selected at random, and whilst 
one was placed in position T, the nine others were placed 
successively in position T, when the measurements were taken. 
The original T, transistor was then inserted in position T, and 
the measurements were repeated inserting the nine transistors 
into the T,, position in turn. The results shown in Table 4 are 
the mean values obtained as a result of these 18 measurements 
on each of several transistor types. 


Table 4 
SWITCH TIMES OF VARIOUS TRANSISTORS 


Tp and Ty ty to 
millimicrosec millimicrosec 
2N501 25 34 
2N559 Dl 21 
SB240 33 if 
OC170 30 190 
OC44 210 210 


The time ¢, is that taken to switch current out of the emitter 
of transistor T, into that of T,. Initially T, is on, and the 
common emitter is established at 1-5 volts. When x falls in 
potential from +2 volts it can thus fall about 0-7 volt before 
the base-emitter diode of T, starts to conduct. Similarly x has 
to rise from —0-5 to +1-5 volts before the transistor a 
attempts to switch off. Since the switching edges of x and x 
have a finite slope this latter action will take longer. Ultimately 
the effect of the change in levels of x and xX will switch off iL 
and turn transistor T, on, thus establishing the common entitier 
at 0 volts. In order to ‘achieve a small value for ¢, the hole 
storage of T, must be small. 

Now consider the reverse process when transistor T, is to be 
switched off and T, switched on. The common-emitter con- 
nection is at 0 volts. Thus x has only to rise 0-5 volt from 
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—0°5 volt before T, attempts to switch off. Similarly x ha 
only to drop 0:5 volt from +2 volts for the base-collector diod 
of T, to conduct, thus attempting to switch the transistor oni 
the reverse mode. 

In very asymmetrical transistors, those with a built-in dti 
field in the base region (e.g. OC170), the collector is a ver 
inefficient emitter. Thus no significant switching on of 7 
occurs until the emitter has risen to 1-5 volts because the trat 
sistor T, has switched off. In this instance ft, will be great 
than ¢;. 

The first three transistors listed in Table 4 have similar an 
fast switching times for both the ¢, and t, measurements. Th 
SB240 transistor is preferred because it is cheaper and it 
possesses better d.c. characteristics which are discussed i 
Section 12.1. A 

The common-emitter connection of transistors T, and 7 
means that any attempt to modify the switching of one transist¢ 
also affects the other. Table 5 shows the effect on ¢, and f 
first reversing the emitter and collector of the transistor in th 
T, position and also of a combination of different transist 
types in these two positions. 


Table 5 


SwitcH Times OF VARIOUS COMBINATIONS OF THE SB240 
AND 2N501 TRANSISTORS 


Tp ty 


millimicrosec millimicrosec 
2N501 
2N501* 
SB240 
SB240* 
2N501 
2N501* 
SB240 
SB240* 


* Emitter and collector connections reversed. 


The time ft, is reduced by reversing the connections of T 
but the time 7, increases and the maximum time of switching 
not improved. It is, however, reduced by certain combines 
of SB240 and 2N501 transistors. 

Any two of the three transistors T, T’ and T” in a stage of tl 
carry path can switch together. The longest switch time of at 
pair is the maximum switch time of the carry path. The mo 
satisfactory combination consists of three SB240 transistors col 
nected with common emitters as shown in Fig. 4. 


(12.3) Sum Logic 


The nature of the carry path demands that the carry pul: 
must always be less than the amplitude of the function way 
forms controlling the switch transistors. The function way 
forms are conveniently at the levels which are standard elsewhe: 
in the machine. Thus the carry signal has to be standardiz 
before the sum logic is performed. Alternatively it can be ust 
in non-standard logical circuits to form the sum, which is the 
provided at standard levels for use elsewhere in the machine. 


(12.3.1) Sum Circuit of Experimental Adder. ~ 

The carry path of the experimental adder described | 
Section 5 is shown in Fig. 4. The carry signal is taken fro 
the carry path by an emitter-follower circuit which gives 2 
output pulse from -+0-5 volt and —0-5 volt. This signal driv 
the base of a long-tailed-pair circuit as shown in Fig. 14. be 


Chic» 
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+24V +24V 
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+24V 


Fig. 14.—Sum circuit of experimental adder. 


DIODES 


+75V 


ASV: 


OUTPUT =1 = OUTRUT=O; — 


Fig. 15.—Sum/difference logic and output circuit of arithmetic unit. 


Owing to the arrangement of the switch transistors on the 
arry path +0-5 volt corresponds to carry = 1. 

The outputs of the long-tailed pair are at standard level and 
eed diode gates which accept inputs x, = y, and x, 4 y, also 
t standard voltage levels. 

The sum logic feeds the output circuit consisting of three 
ransistors T,, T, and T;. The signal A; is at —0-5 volt when 
he sum is zero. In the quiescent state the input to transistor T, 
§ more negative than —0°5 volt, so that this transistor is con- 
lucting. When the strobe pulse occurs the base is taken more 
sitive than +-0-5 volt, so that one of the transistors T, or T; 
vill conduct depending upon the state of A,. This causes a 
Ositive-going swing on the secondary of one of the transformers 
vhose primary is critically damped. The back swing, as the 
trobe pulse ends, sets the y;, flip-flop to the new sum. The 
trobe pulse is 100 millimicrosec wide and occurs at a minimum 
riod of 200 millimicrosec, causing the adder to operate every 
)}+2 microsec. 


(12.3.2) Sum/Difference Circuit of Arithmetic Unit. 


The sum/ difference logic described in Section 6.2 is performed 
by the circuit of Fig. 15. The collectors of the transistors T,; and 
T, form part of the ‘long tails’ of transistor pairs T,, T; and 
T3, T3, respectively. The collectors of T;, T; and Ty, are con- 
nected together and feed, through Zener diodes, the base of a 
standard long-tailed pair. 

During arithmetic operations the base of T, is held above 
+7:5 volts. The function waveform F;, controls the flow of 
current in T, and T;, which after further control by the carry 
signal D,,_, can flow into the output circuit. 

The current J is 9mA when F;, = D,_, which, in the case of 
addition, corresponds to 


(xx = yx) and cy_y OR (x% FY) and Cj_4 
ie. sum, = 1 


alternatively J = 1mA for F, 4 Dz_1, i.e. sum, = 0. 
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The current in the common-collector resistor of T;, T3 and 
T, is defined at 12mA. Thus when J = 1mA the remaining 
11mA comes through the Zener diodes and 4mA through the 
resistor R making the base of T; negative, with respect to 
+7-5 volts, switching T; on and T¢ off. Conversely when 
I = 9mA the surplus 4mA flows into resistor R switching T, 
off and Ts on. 

During logical operation J = 1mA and the transistor T, is 
switched by the function waveform L,. 

In the main accumulator gating of the logical function L, is 
not required and the transistors T,, T; and T; can be removed. 
Then both phases of sum output are available at S and S, and 
can be connected to standard level by Zener diode circuits. 
The removal of T; and Ts reduces the total delay through the 
adder by approximately 25 millimicrosec. 


(12.4) List of Instructions 


The following list of instructions can be obeyed by the arith- 
metic unit described in Section 6. 

The B registers are either in a high-speed core store of 124 
words or one of four fast flip-flop registers. 

The S registers will receive their inputs from a fixed store of 
0-3 microsec cycle time containing 4000 words and a core store 
of 1-7 microsec cycle time holding 8000 words. 


List of Instructions Performed by Basic Arithmetic Unit. 


Notation. 
b, s = Contents of registers B and S before an instruction is 
obeyed. 
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b’, s’ = Contents of registers B and S after an instruction is 


obeyed. 
Deep o—os: 
es Se 
2 bv=b+s 
Ss tie tans: 
4 b' =b-s 
5 s =b-s 
6 bb =s—b 
as) "SD, 
8 b’ =bands 
Dis’ =i) ands 
10 F=bF5 
1 Se" 258 e 
12 at) oe DiOlss 


13s Dots 

14 b’ = bd (with circular shift of one bit down) + s 
15 bd’ =b (with circular shift of six bits up) + s 
16 6b =b+s+1 

UG) Hos ese Ky 

18 New number to control if b > 0 

19 New number to control if b< 0 

20 New number to control if b = 0 

21 New number to control if b+~0 

22 New number to control if b is even 

23 New number to control if b is odd 


[The discussion on the above paper will be found on page 605.] 
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SUMMARY 

Improvements in storage systems using currently available square- 
op ferrite cores are considered. These enable the normal cycle 
me of 6-10 microsec to be reduced to less than 2microsec. Effort 
as been concentrated on the word-selected two-core-per-digit arrange- 
ent, and the most promising techniques are those which involve 
artial-flux switching. A system is developed suitable for a store of 
024 words of 52 digits with a cycle time of about 1-:6microsec. Ina 
naller store of, say, 100 words, a cycle time of approximately 
‘6microsec is feasible. 


(1) INTRODUCTION 


Square-loop ferrite cores are used almost exclusively in 
iodern digital computers to provide the necessary large-capacity 
undom-access storage. They have provedsextremely reliable in 
peration, and cycle times in the range 6-10 microsec are typical. 
t these speeds the limit to the maximum number of digits in 
single block of storage is largely economic, and whereas in a 
ritish computer there are typically 4 x 10* binary digits, in 
1e United States there is at least one store of 2:5 x 10° digits 
ad many of 10° digits. 

Some alternatives to the ferrite core have been developed 
ith the aim of simplifying the wiring and assembly of the 
orage elements. These are the Twistor! system and the multi- 
perture Rajchman plate system;? both of these have cycle 
mes of the same order as the simple ferrite-core systems. 
Ithough the latter system is easy to wire, production of the 
late itself is difficult, since a large number of identical elements 
ave to be produced in a single process, and if any one element is 
nsatisfactory the whole plate is ruined. 

Developments in logical design? and the advent of high-speed 
ansistors permit an arithmetic operation to be carried out in 
out I microsec. If a machine is to take full advantage of such 
yeeds, its storage system must have a cycle time of approxi- 
ately 4-1 microsec. Proposals for such systems which are in 
ie early development stage include the use of thin magnetic* * 
ims and superconducting devices.*7 Neither of these systems 
‘in. a sufficiently advanced state to be included in a machine 
hich has to be in production in two to three years’ time. How- 
fer, preliminary experiments" on cycle time are very promising 
id indieate-that.2 f £100 millimicrosec might well. be 
shieved. - vm 

A computer operating normally. takes its orders from sequential 
idresses in the main store. An effective reduction in the access 
me to these orders can be achieved by providing a number of 
iscrete storage blocks and arranging that sequential addresses 
aply to each of these blocks inturm: For example, if a computer 
as four blocks of storage each with a cycle time of 6 microsec, 
len, depending on the sequence of demanded addresses, the 
fective access time to information in the complete store could 
uve any value between 1-5 and 6microsec. Departure from 
e smaller figure occurs because the numbers demanded as a 
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result of each order may not be addressed in any particular 
sequence and large changes of address also occur during control 
transfers. Use of this technique necessitates a further reduction 
of only 2 or 3 times in the cycle time in order to satisfy the 
requirements previously stated. Some or all of this factor may 
yet be realized from developments in ferrite materials 
(Section 9.1.1), but to achieve an immediate solution in terms of 
the ferrite cores now available, a different approach has to be 
adopted. The paper describes a system suitable for providing 
1024 words each of 52 digits in a single storage stack with a 
cycle time better than 2 microsec. 

The provision of B-registers in a high-speed parallel computer 
is also a problem. These could be realized in terms of fast 
transistor flip-flops, but this technique is expensive and sets an 
economic limit on the number of such registers. From the user 
viewpoint the provision, for example, of 32-128 B-registers 
would be an advantage in order to assist autocode procedures 
and time-sharing techniques among a number of peripheral 
equipments. It is thus desirable to have store of 128 words 
maximum with a cycle time not greater than 0-6microsec. A 
system capable of this performance is also described. 


(2) USE OF SQUARE-LOOP CORES AS STORAGE ELEMENTS 

The use of square-loop ferrite cores as binary storage elements 
is based on the fact that the material of the cores exhibits at 
least two distinct states of remanent flux. A typical B/H loop 
of a 1-3mm core, obtained by cycling the core between the 
limits +Hy is shown in Fig. 1. This major loop does not 
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Fig. 1.—Major and minor hysteresis loops. 


represent the full saturation limits of the material, and other 
loops do exist concentric with it. In some applications flux 
changes significantlyless. than normal occur, and two types of 
minor loops are indicated in the Figure. 

When-a*eore’ is driven’ along the relatively flat’ portions of the 
hysteresis loop the rate of change of flux is proportional to the 
rate of change of current, i.e. the voltage developed across a 
‘read’ winding linking the core is given by L di/dt. The magni- 
tude of Z (for a given direction of current) depends on the 
remanent state of the core, since the slopes of the upper and lower 
saturation limits in the region of the zero field axis are rather 
different. This fact has been used as the basis of a method of 
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non-destructive reading of cores; but there are difficulties due 
to the small signal level, and a rather low discrimination ratio 
(about 2 : 1) is obtained. 

If a current step is applied to a core so as to switch it from 
one remanent state to the other it is apparent from the output 
voltage waveform that flux continues to change in the core after 
the drive current has attained a steady value. Under these 
circumstances the core does not behave in an inductive fashion 
but more as a resistance, the value of which is time dependent. 
It has been shown, both theoretically and experimentally,” !° 
that the duration of the output pulse, 7,, may be related to the 
applied m.m.f. by the expression 


(I — IT, = K or alternatively (HW — H)T,=K’ . (1) 


where H, is the coercive force which in a typical coincident 
current storage system lies midway between 4 H,and Hy 


H, = 4H; or I, = 4I¢ abe cies, ween e) 


Eqn. (1) is obeyed closely for values of J between about 1:5 J, 
and 3J,. Outside this range faster switching than predicted 
by egn. (1) is obtained, because for J < 1-5 J, full flux switching 
does not occur, and at larger values the mode of switching 
changes.!! The form of eqn. (1) indicates that the switching 
time of a core may be reduced by increasing the drive current; 
this is a technique which is particularly applicable to word- 
selected parallel stores where the reading current is not limited 
by selection requirements as in the half-current selection system. 
The results of switching measurements on a number of square- 
loop cores are given in Section 9.1.1. 

Switching these cores at a high repetition frequency causes a 
marked increase in the temperature of the core since the thermal 
conductivity of the material is low. Measurements on cores at 
different temperatures are given in Section 9.1.5, and these show 
that as the temperature of the core increases: 


Le. 


(a) H; is reduced, and thus the core tends to switch faster for a 
given drive. 

(b) The flux density decreases. 

(c) The slope of the relatively flat portions of the loop becomes 
more pronounced and therefore the voltage output from a core 
‘disturbed’ by a half-current pulse is temperature dependent. At 
the Curie temperature, which varies with different ferrites between 
100 and 300°C, the core loses all its magnetic properties, although 
these return as it cools down. In general, ferrites with the higher 
coercivity have a higher Curie point. 


There are two basic ways in which cores can be arranged to 
form a storage system, known as the coincident-current and 
word-selection systems, respectively. Both these systems can be 
modified to improve their speed of operation, but the first 
system lends itself to serial!* and the second to parallel operation. 
The discussion is therefore confined to the latter system since 
parallel operation is required. 


(3) BASIC SYSTEM USING TWO CORES FOR EACH DIGIT 


The system is shown in Fig. 2, which illustrates the method of 
wiring and also the necessary current waveforms. The cores of 
a core pair representing a given digit are normally in opposite 
magnetic states, and to explain the system it is assumed that 
initially 


Core a, is in the ‘1’ state } dicit A 
Core ay is in the ‘0’ state a 
Core 5, is in the ‘0’ state hai tB 
Core by is in the ‘1’ state ial 


The ‘read’ current is defined as positive on the idealized loop of 
Fig. 2(b). The state of the digit is defined by the state of the 
ay, by, cy, etc., cores, and thus digit A = 1 and digit B = 0. 
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READ (X) 


READ (A) READ (8B) 
(a) 


R 
c-— | esurzan 
teens Ww DRIVE TO 
COR 
WRITE =<+— | ——®»READ ES &! 
(6) 


Fig. 2.—Basic system. 


(a) Wiring layout. . 
(6) ‘Read’/‘Write’ cycle. . 
/ 


a: 


When the word is selected a current i, = + J; flows in = 
word wire for a time termed the ‘read’ period. During this time’ 
all the cores in the selected word are returned to the ‘0’ state, 
i.e. in digits 4 and B cores a, and bp, respectively, change theit 
state. There are also small reversible flux changes in the cores 


to the ‘read’ current, and thus the output signal represents 
difference in the rates of change of flux in the cores of a core 
pair. The polarity of the ‘read’ pulse depends on which core of 
the core pair reverses its flux state in the ‘read’ period; if digit 
A =1 is indicated by a negative pulse then that from digit! 
B = 0 will be positive. 

The reading process destroys the stored information, and it 
necessary to rewrite if it is to be retained. A ‘write’ (or ‘rewrite’) 
period always follows a ‘read’ period. In the ‘write’ period 


taneously currents ip, ipg, etc., of value +4J; are applied to 
the digit wires. These assist the writing action of the ‘word’ 
current in one core of a core pair and inhibit its action in the 
other. The sign of the digit current is determined by the infor- 
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aation to be written, and if digits A and B are to be rewritten 
a their original form the directions of the currents ip, and 
pz Will be negative and positive, respectively. The duration of 
he ‘read’ period is defined by the switching time of the core 
ppropriate to a drive of +J; and of the ‘write’ period to a 
rive of —3J;,. These switching times set the minimum cycle 
ime of the system. In practice the cycle time will also be 
afluenced by the type of selection system and driving circuits 
sed. 

The use of two cores per digit has disadvantages in that the 
ihysical size and cost of the store are increased relative to a 
me-core-per-digit system. However, there are a number of 
ignificant advantages which make the system worth while. 
hese are as follows: 


(a) The back-e.m.f. developed across the selected ‘word’ wire 
uring the ‘read’ and ‘write’ phases of the store cycle is inde- 
endent of the digit pattern of the word, thus easing the design 
roblems associated with the word-selection matrix. 

(6) The binary states of the stored digits can, in some arrange- 
nents, be indicated by signals of opposite polarity, giving 
nproved discrimination over the ‘signal/no-signal’ conditions 
ibtainable from one-core-per-digit systems. 

(c) Owing to imperfections in the word-selection matrix, 
ignals can arise from partially selected words which interfere 
vith the ‘read’ output from the selected word. In two-core- 
er-digit systems these interference signals are smaller than 
A a One-core-per-digit system. 

(d) There is the possibility of developing partial flux-switching 
ystems. In such systems one state of saturation of the cores is 
sed as a reference and both cores are set into this state in the 
read’ phase of the store cycle. During the ‘write’ phase flux 
hanges occur in both cores, but it is arranged that one core 
hanges more than its partner and also that the larger flux 
hange is only about 25°% of a complete switch from one satura- 
ion limit to the other. The ‘read’ output is due to the difference 
2 flux content of both cores and thus is not affected by the 
bsolute value of flux in either core. This technique permits 
igh operating speeds to be associated with reasonable power 
equirements. 


(3.1) A Coded System 


Operation of the coded system is explained by taking an 
xample in which the cores of a word are divided into groups of 
our. In Fig. 2(a) such a group is formed by the cores aj, ap, 
1, b>. Only one of these cores is normally set to ‘1’, the others 
emaining in the ‘0’ state. The position of the core in the ‘1’ 
tate determines the value of the two digits, ic. 4 and B. The 
etailed coding is shown in Table 1. 

A comparison of the system with the conventional one shows 
hat the number of cores changing state at any one time is 
educed by a factor of 2. This has the advantage of first making 


Table 1 


CopED SYSTEM 


‘Read’ wire 
output 
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provision of the word current simpler, and secondly, the number 
of digit-current drivers required to operate in the ‘write’ period 
is halved. 

The discrimination ratio on the ‘read’ signal is reduced since 
on any ‘read’ wire the output signal can be positive, negative 
or zero. In the ‘rewrite’ period these three levels of output 
cause digit currents +4J,, —4J; or zero to be applied to the 
digit wires. In order that the computer and the store can com- 
municate with each other, some additional gating is necessary 
to convert from the conventional system of digit representation 
to or from the coded form. 

The principle of this coded system may be extended so that, in 
general, 2” cores represent n digits. For n > 2 the number of 
cores required exceeds two per digit, and thus the capital cost 
is relatively greater, although the power saving increases in 
proportion to n. If the increased cost of the system for n > 2 
is acceptable, the limit to 7 is set by the increasing complexity 
of the coding conversion equipment. 


(3.2) Word-Selection Matrix 


The word-selection matrix may consist of diodes, either alone 
or in combination with linear current transformers, or trans- 
formers wound on square-loop cores. Diodes capable of 
transmitting current pulses of the order of 500mA at the 
repetition frequencies proposed are not readily available. Ina 
system, two diode matrices would be necessary to provide the 
bidirectional word current, and the address staticizor and 
decoding mechanism of the store would have to remain set 
during the whole store cycle, thus making it impossible to 
overlap the set time of the address staticizors and address 
decoding time into the ‘write’ period. This may be overcome at 
the expense of providing a separate address staticizor and 
decoder for the ‘write’ current matrix. It is possible, when 
diode matrices are used, to have an unbalanced word current, 
i.e. the product of the ‘read’ current amplitude and its duration 
need not equal the product of the ‘write’ current amplitude and 
duration, as is inevitably the case if an a.c. coupling is used to 
provide the word current. Diodes may also be combined with 
linear transformers, and here the diode current can be limited 
to the primary current of the transformer. This is not an 
attractive alternative when transistor drive circuits are used, as 
the permissible collector voltages are’ usually low and the 
available currents high. 

A third alternative is to use transformers wound on square- 
loop cores arranged in a matrix and selected by coincident- 
current techniques. In a typical arrangement the switch cores 
are saturated in a given direction by a d.c. bias which is 
common to all switch cores. Then one switch core is selected 
by a coincidence of currents on the X and Y wires of the 
matrix, which overcome the bias and provide the ‘read’ current. 
When the drive currents are removed the switch core relapses 
to its original state under the influence of the d.c. bias. 
This provides the ‘write’ current automatically, making it 
unnecessary to keep the address staticizor and decoder set 
during the ‘write’ period. However, switch cores are very 
inefficient current transformers since a large proportion of the 
primary m.m.f. is absorbed as magnetizing current; this is the 
price paid for the inherent memory of the switch cores. 


(3.3) Modifications to Increase the Speed of the Basic System 


The minimum cycle time of the basic system is limited by the 
switching time of the cores in the ‘read’ and ‘write’ periods. 
The switching time in the ‘read’ period may be reduced by 
increasing the ‘read’ current, but the magnitude of the ‘write’ 
current is limited since its action must be inhibited where 
required by the digit current, and the magnitude of this current 
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must not exceed 4/; since it passes through the cores of all the 
unselected words. 


(3.3.1) Illinois System (see Reference 13). 


A modification to the basic system which is faster and yet 
retains a balanced word-current waveform is the Illinois system. 
The arrangement is similar to that shown in Fig. 2, but the 
word current is + J, in the ‘read’ period followed by —/J; in 
the ‘write’ period. The minimum duration of the ‘read’ pulse, 
t;, is sufficient to allow the cores to switch with the applied 
drive, and the duration of the ‘write’ current is then $t;. The 
word-current waveform is thus balanced and the minimum cycle 
time is $t;. If an unbalanced word-current waveform could be 
accepted the ‘write’ period could also be of duration ¢, and the 
cycle time would become 21}. 


(3.3.2) Bias System A. 


The limitation imposed on the digit currents inherent in the 
two systems previously described may be relaxed by suitable 
biasing of the memory cores. Several systems are possible 
using this technique; the first to be described’ is called ‘bias 
system A’. 


—————S ee 


READ (A) 


READ (Xx) 


RESULTANT 
DRIVE TO 
CORES 


Fig. 3.—Bias systems. 


(a) Wiring layout. 
(6) Operation of system A. 


The wiring diagram.is now that of 2a 3(a). The cores on 
word wire are given;a-d.c. bias J, = + 4];, and the ‘read’ 
current is + Jp. ‘These provide a net reading current of 

31,. Inthe ‘write’ period..the..word current becomes aly, 
and the action of this current is assisted [see Fig. 3(b)] by a digit 
current —J;, which flows simultaneously i in the appropriate digit 
wire. The net ‘writing’ current is —3i and the minimum cycle 
time is 2t; (where f, is the switching time of the cores for a drive 
of 3/;.) A balanced word-current waveform is retained. The 
digit currents always act in opposition to the bias current and 
thus will cause only a relatively small disturbance in the cores of 
unselected words. 
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At first sight this system has two unattractive features: 


(a) The digit wires thread one core of a core pair and the wiring 
of the matrix as shown in Fig. 3(a) is relatively complex and would 
be expensive to produce. 

(b) The digit currents are twice as large as in previous systems. 


Both of these disadvantages may be overcome simultaneously 
(in a large store at least) by arranging that the cores aj, by, cj, 
etc., are in one core plane and the other cores of the word, 
a, b>, Cy, etc., are in another plane mounted back to back with 
the first. By this means the two digit wires of a given core pair 
are in separate planes and these thread every core in a given 
digit position. The wiring of the planes is then a fairly simple 
procedure. In a large store the length of the digit wire is a 
limiting factor in the design of the digit drivers, this being 
particularly important when transistors are to be used since the 
maximum permissible collector voltage tends to be low. In 
systems where the digit current is of magnitude 4J; the digit 
wire threads 2N cores, where N is the number of words in the 
store, and is therefore twice as long as the digit wire in the bias 
system which threads only N cores, although here the digit 
current is of magnitude J;. Thus the voltage required to establish 
the digit currents at a given rate will be the same in either case, 
assuming that the digit wire is mainly inductive. 

If the core planes are arranged in this way one half of the 
‘read’ wire lies in each plane, each half threading N cores. If 
the ‘read’ wire is now earthed in the middle a push-pull output 
is obtained at the free ends and a difference amplifier may be 
used in the ‘read’ circuits. The transmission delay on the ‘read’ 
signal from the cores in a given word will then be only half as 
long as that obtained in the first two systems described. 


(3.3.3) Bias System B. 


The bias system described may be further modified to reduce 
the minimum cycle time by increasing the magnitude of the 
‘read’ current. This modification is called ‘bias system B’. In 
this system the ‘read’ current is increased to $J; and its duration 
can therefore be reduced to 3t,. In the ‘write’ period the word 
current is —J; and its duration is t;. The word-current wave- 
form is still balanced, and the minimum cycle time has been 
reduced to 131. 

Further modifications to bias system A are possible which 
involve partial flux switching and result in either a further 
reduction in the minimum cycle time and/or a relaxation on 
driving requirements of the system. These are considered in a 
later Section. The systems discussed in this Section are compared 
under various headings in Table 2. 


(3.3.4) A Comparison of Systems. 


In Table 2 the ‘read’ and ‘write’ switching times are calculated 
from eqn. (1) and are for guidance only. It is assumed that 
eqn. (2) is true for the cores used. In the column of minimum 
cycle times expression (i) applies “when unbalance in the word- 
current waveform can be tolerated; these are modified to 
(ii) when the’ word-current waveform must be balanced. For 
bias system A the ‘read’ and ‘write’ currents are of equal 
magnitude and so are the ‘read’ and ‘write’ switching times. 
Thus there is no object in making the word-current waveform 
unbalanced. 

The quoted times are for the F764/S4 memory core, which has 
the following characteristics: 


J, = 500 mA in one turn 
J, = 380mA in one turn 
= 160 mA in one turn-microsec 


= 0:42 microsec 


On| 


iin 
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Table 2 
COMPARISON OF SYSTEMS 


‘ ed eats 
System Net word current Digit current Bote 


‘Write’ switching 
time ty 
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Minimum cycle time Notes 


Basic 
system 


K Digit current inhibits 
(i) 4:0 — = 1-68 microsec action of ‘write’ current 

Ic where switching is not 
required and assists it 
A 2-56 microsec where switching is re- 


ii) 6 
@) Ic quired. 


Illinois 
system 


as 


A : Similar to basic system, 
(i) 2-0 Lie 0-84 microsec except ‘read’ current 
increased. 


(ii) 2-5 = = 1-05 microsec 
c 


Bias 
system A 


Bias 
system B 


These are calculated using eqn. (1). More accurate values can 
be obtained from the curves of Fig. 13. The minimum cycle 
times quoted are theoretical, and in practice these figures will 
be increased owing to the time needed for establishing the 
operating currents. At present, this latter figure is estimated at 
0-6microsec, and thus bias system A, for example, should 
cycle in the order of 1-5 microsec. 


(4) EXPERIMENTS ON BIAS SYSTEM A 
The experiments on bias system A have been carried out on a 
single word driven from a switch core. The design of a suitable 
switch core and a method of estimating the required primary 
m.m.f. are considered in Section 9.2. The experimental arrange- 
ment is illustrated in Fig.4, which shows the word wire threading 


READ by 


READ ap 
SWITCH CORE 


READ bo 
MEMORY CORES 


Fig. 4.—Bias system A. Experimental arrangement. 
i The bias wire on the memory cores is not shown, 


104 cores corresponding to 52 digits. The resistance R, has 
been included: to reduce the time-constant associated with the 
secondary circuit of the switch core. The memory cores are 
biased by a current of +250mA which flows in a ‘bias’ wire not 
actually shown in the Figure. 


Memory cores biased to 
+4, digit current acts 
in opposition to bias 
current and assists on 
action of ‘write’ current 
where required. 


Te~|| G)2220 5 = 0-84 microsec 
c 


Similar to bias system A; 
2 wiete for increased 
; : ‘read’ curcent. In this 
(i) 1-6 haa 0:67 microsec case the minimum cycle 
Ie time with a balanced 
a K : word current waveform 
Gi) 1-67 = 0-71 microsec | js limited by the ‘write’ 

S switching time since here 
tw > 1-St-. 


(4.1) Flux-Change Experiment 


The switch core type F00 2/S4(L) is biased to —2-43 AT (as 
indicated by calculations in Section 9.2.3) and pulsed against 
this bias with currents i,, and i, in the primary windings of N, 
turns. Half of the 104 memory cores on the ‘word’ wire are 
supplied with a digit pulse ipg of 500 mA, and the flux change in 
these cores during the ‘read’ period is measured as a function 
of the switch-core primary m.m.f. for various values of R,. 
The results are plotted in Fig. 5, which also shows the pulse 
configuration used. The vertical scale is proportional to flux 
changed in the memory cores, this being plotted as a percentage 
of the normal flux change obtained when the cores are switched 
from +250 to +500mAT. 

When the saturation limits of the system are reached, measure- 
ments indicate that the switch core, which is traversing a loop 
very near that of maximum saturation, is changing approxi- 
mately 1-2 times as much flux as would be obtained by the 
normal switching of 52 memory cores, i.e. some of the available 
flux change is lost in the transfer. The voltage equivalent to 
this lost flux is developed across the resistance and stray induc- 
tance of the word wire loop. By comparing the sum of the 
voltages developed across the switched cores, the unswitched 
cores and R, with that developed at the switch-core secondary 
it is possible to estimate the effect of the stray inductance 
(L, ~ 1H) on the efficiency of flux.transfer. This experiment 
indicates that R, is the dominating#factor. ~ 

Fig. 6(a) shows the waveforms*6btained under the conditions 
of the experiment with R, = 2 ohms ‘anda total primary drive 
of 4:8 AT. - The ‘read’ time is about 0:4microsec and the 
‘write’ time 0:45 microsec. It is evident that more flux change 
occurs in’ the“write” period thanis*obtained in the ‘read’ period, 
the difference in the two being made up when the ‘write’ and 
digit currents are removed. The flux waveform indicates that 
the core operates on a loop such as that of Fig. 6(b). In the 
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Fig. 5.—Flux-change experiment. 


Pulse rise and fall times are about 50 millimicrosec. 
Np = 12 turns Nez = 3 turns Ns = 2 turns 
Iz = 810mA Ip = 250mA. 


‘read’ period the available flux change is limited by the upper 
saturation limit of the core. This has been checked by pulsing 
the cores between successive ‘read’/‘write’ cycles with a current 
pulse of variable amplitude in the direction of the bias. Those 
cores in the ‘0’ state at the end of the ‘write’ cycle show a small 
reversible flux change, indicating that these cores are saturated, 
while the result of pulsing those cores left in the ‘1’ state shows 
that the knee of the operating loop is situated at about 
+300 mAT. 

The curves of Fig. 5 show that the approximate analysis of 
Section 9.2 is justified, but the presence of inductance in the 
word wire loop makes it necessary to include R, in order that 
the ‘write’ current can decay sufficiently quickly when the 
writing action is complete. The effect of R, on the efficiency of 
flux transfer is largely compensated by the excess flux content 
of the switch core, and the system achieves an approximate full- 
flux switch (R, =2ohms). The current pulses used in the 
experiment are rather wider than necessary, and Fig. 6(a) 
indicates that an active duration of 0-Smicrosec should be 
adequate. 


(4.1.1) Operation under Computer Conditions. 


In Fig. 7 the waveforms obtained when the active duration 
of the current pulses is reduced to 0-5 microsec are shown; the 
rise and fall times are arranged to be 0.2 microsec to simulate the 
limitations of a practical system. The rise and fall times of the 
digit and primary currents may be overlapped and a cycle time 
of about 1-6 microsec is indicated. It is found that the current- 
discrimination properties of the system become more pro- 
nounced as the active duration of the primary currents is reduced. 
The duration of the current pulses is then too short to allow a 
significant flux change to occur in the memory cores until the 
current amplitude approaches that required to reverse the flux 
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Fig. 6.—Flux-change experiment. 


(a) Waveforms. 
(6) Operating loop. 
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Fig. 7.—Waveforms obtained under computer conditions. 


state of the switch core completely. This is illustrated in Fig. 5, 
the curve marked (a) being taken with the pulse configuration 
of Fig. 7. The curve also shows that 5% less flux is change 
under these conditions than previously, this being due to p 
width limitation, and it indicates that the duration of the 
pulses should not be less than the 0-5 microsec used. 


The system approximates very closely to a ‘full flux switching’ 
“system, a flux change of 78 % being obtained in the ‘read’ period, 
and further tests have been carried out to assess its behaviour 
under conditions likely to arise in a computer at a cycle time of 
1-6 microsec. 

The sensitivity of the operating loop of the memory cores, 
which may be in either the ‘1’ or ‘0’ state, to repeated digit 
pulses has been investigated. Digit pulses of 550mA amplitude 
(0% greater than the nominal 500mA) were allowed to 
‘disturb’ the cores between successive ‘read’/‘rewrite’ cycles. 
Those cores left in the ‘0’ state after the writing operations were 
most affected. This is to be expected since the action of the 
| digit pulse in this case is to move the core away from saturation. 
The cores left in the ‘1’ state after the writing operation are 
‘relatively unaffected, since the tendency is to increase the state 
|of saturation of the core. For cores in the ‘0’ state the first 
| ‘disturb’ pulse results in a small (approximately 10%) increase 
‘in the amplitude of the next ‘read’ signal. This increase is 

about 12% after the core has been disturbed three or four times 
'and subsequently remains unchanged for any further pulses. 
| There is no appreciable change in the ‘read’ output from a 
| disturbed core in the ‘1’ state for any number of ‘disturb’ pulses. 
| Jn another experiment the digit currents ipo and ip, [Fig. 4] 
_ were so arranged that a given core was written into the opposite 
‘state to that indicated in the ‘read’ period. This test indicates 
“whether a core which is switched from the ‘1’ state to the ‘0’ 
state during the ‘read’ period is, in fact, in an identical magnetic 
‘state to that of a core which is switched from the ‘0’ state and 
‘left in that state at the end of the ‘read’ period. Within the 

limits of experimental accuracy this is found to be the case here. 
If the store is cycled at a high repetition frequency equivalent 
to a cycle time of 1:6 microsec, both the switched memory cores 
and the switch core suffer an appreciable rise in temperature. 
‘Tn this experiment the switch core was immersed in an oil bath 
to improve the efficiency of heat dissipation but the memory 
cores were in free air. It was found that the system operated 
satisfactorily at this frequency, the rise in temperature of the 
memory cores to almost 45°C resulting in an approximately 
15% increase in the amplitude of the ‘read’ output voltage, and 
a slightly reduced switching time. The experiment indicates 
that some temperature control of the system would be essential 
‘in practice. The thermal time-constant of the system is of the 
order of 2 sec. 

It is concluded that the system described in this Section 
‘Tepresents a possible solution to the problem of providing a 
Jarge-capacity store with a cycle time of less than 2-0 microsec. 
‘Alternative schemes which involve partial flux switching are 
‘Tow considered. 


(5) PARTIAL FLUX SWITCHING 


(5.1) Basic System 


The normal flux change occurring in memory cores can be 
restricted by limiting the available flux from the word-driving 
‘switch core. Hence the F002/S4 (L) switch core used previously 
(see Fig. 4) has been replaced by a shorter core of similar radius, 
namely F002/S4(S). 

With these conditions the peak amplitude of the ‘read’ output 
signal from the cores of a core pair has been plotted against 
digit current ip and the results and drive waveforms used are 
shown in Fig. 8. Throughout this experiment the relationship 
ip = 2], was maintained and the word-current amplitude kept 
‘constant at +500mA. The maximum difference signal occurs 
at a digit current of —200mA, and this signal (approximately 
30 mV) constitutes the ‘read’ output voltage of the system. The 
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Fig. 8.—Variation of ‘read’ signal with digit and bias currents, 
Word current = +500mA, 
Bias current, [yp = -+-ip/2. 
(a) Core with digit current. 
(b) Core without digit current. 
(c) Difference signal. 
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(a) Waveforms. , 
(6) Operating loops. 


WRITE. / | 


waveforms obtained at this optimum value of digit current are 
shown in Fig. 9(a), 

The operative B/H loop: ofthe memory cores is indicated in 
Fig. 9(b). , The flux change in the ‘read’ period (26% of normal 
for a ‘1’) is restricted by the saturation limit of the core material, 
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and in the ‘write’-period by the amplitude and duration of the 
net switching current (38°% of normal for a ‘1’). Those cores 
in the ‘0’ state before the ‘read’ period and remaining in the ‘0’ 
state after the ‘write’ period are only subject to the action of the 
word and bias currents and the flux change is about 5% of 
normal. 

Tests with a current pulse of variable amplitude applied in 
the same direction as the bias to the cores between successive 
‘read’/‘write’ cycles show that: 

(a) The ‘0’ state is situated very near the upper saturation limit 
of the operating loop. 

(6) The ‘1’ state is situated some 50 mAT away from the knee. 
The system described is analogous to bias system A except 

that a smaller flux change is used. The speed of the two systems 
is the same, but the power requirements of the partial flux 
switching system are considerably smaller for three reasons: 

(a) The digit current has been reduced from 500 to200mA. 

(b) The voltage appearing across the word wire is reduced by a 
factor of about four, though the primary m.m.f. requirements of 
the two systems are much the same, because the radii of the switch 
cores and the required switching times are similar. 

(c) Since a shorter switch core is used, the inductance of the 
half-selected switch cores will be less and the switch-core matrix 
will be easier to drive. 

This system is therefore -preferred tobias system A for the 
large-capacity store. Tests similar to those in Section 4.1.1 
were carried out to check the operation of the system under 
various conditions. These proved satisfactory, but it was found 
necessary to immerse the memory_cores as well as the switch 
core in an oil bath. This would indicate.that theeperating loop 
of the memory core is more sensitive to température changes 
under partial flux switching conditions despite the fact that the 
temperature rise is smaller. 


(5.2) Improvement in Speed 

Improvement in speed is obtained by increasing the amplitude 
of the word current. For experimental purposes where it was 
necessary to vary this current, it was convenient to supply it 
from a linear transformer and its approximate form is shown 
in Fig. 10. In the experiments described the duration of the 
operating pulses was maintained at 0-3 microsec since a cycle 
time of O-6microsec is required. ‘The memory cores were 
immersed in an oil bath to achieve adequate cooling and thus 
satisfactory operation. 
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(5.2.1) Effect of the Bias Current. 


There are three variables to be considered, the amplitudes of 


the word current iy, the digit current ip and the bias current J,. 
In any cycle of the store, one core of each core pair is subject 
to the action of the word and bias currents only, and this core 
must not experience a significant flux change in the ‘write’ period. | 
Fig. 10 summarizes the way in which the action of the word 
current on these cores is modified by the bias current. The 
‘read’ output signal decreases as the bias is increased despite 
the net increase in ‘read’ current, since the flux change is limited 
by the saturation characteristic of the core and by flux change in — 
the preceding ‘write’ period. Since the effective ‘write’ current 
decreases with bias this latter flux change will decrease in magni- 
tude. It is observed that the flux change in the ‘write’ period 
is greater than that in the ‘read’ period, and the difference is: 
made up after the word current is removed, when the core is 
acted upon by the bias current alone. 


+700 mA 
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OUTPUT FROM CORES 
WITH DIGIT 
CURRENT 


ie) o3 
MICROSEC 


0-6 


Fig. 11—Waveforms. A faster system. 


A typical voltage waveform is shown in Fig. 11, which shows | 


that the recovery of the core back to its original state on the 
removal of the ‘word’ current is relatively fast. Thus the bias 
current has the effect of stabilizing the quiescent operating point 
on the B/H characteristic. The recovery of the cores back to a 
stable position when the ‘write’ current is removed does not 
limit the maximum operating speed of the system significantly. — 
This is discussed in Section 5.2.4. 


(5.2.2) Effect of the Digit Current. 
The curves of Fig. 10 suggest two possible modes of operation: 


(a) A system without bias in which the digit current is used to” 
reduce the switching effect of,the ‘write’ current where required. 

(b) A system with bias in which the action of the bias is inhibited 
by the digit.current where required. 


The first system appears to be more attractive since Fig. iq 
could be interpreted to state that a digit current of the order 
100mA gives adequate discrimination between the output signals’ 
from the cores of a core pair. However, this is not found to be 
so in practice, and digit pulses of the order of 200mA are found - 
to be necessary, showing that a pulse is not so powerful as a 
d.c. bias of comparable magnitude in inhibiting the action of the 
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‘write’ current (see Section 9.1). Moreover, the stability of the 


| operating loops of this mode of operation was found to be very 
| sensitive to repeated digit pulses, the direction of which was 
| such as to give reduction in subsequent ‘read out’ signals from 
| the cores. 


This system has been rejected for these reasons: 

In the second system the digit current is used to inhibit the 
action of the bias current and to assist the switching action of 
the word current in the ‘write’ period. It is found that if the 


| magnitude of the digit current is twice that of the bias current, 


so that the net ‘read’ and ‘write’ currents are equal in magni- 
tude, the ‘read’ output voltage from the core is almost equal to 
that obtained when the core is cycled with the word current 
alone. The validity of this statement is limited to bias currents 
less than the knee of the operating loop. With these obser- 
vations in mind, values of i,,, I, and ip may be chosen by 


| reference to Fig. 10. 


A suitable choice for the word current is i, = + 700mAT, 


| which, when used with a bias of +100mAT and a digit current 


of the order of —200mAT will give a difference of about 3 : 1 
in the ‘read’ output signals from the cores of a core pair. The 
variation in the peak ‘read’ output voltage with digit current 
under the specified conditions and word and bias currents is 
shown in Fig. 12(a), where it is seen that the actual choice of 
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Fig. 12.—Variation of peak ‘read’ output with operating 


current. 
(a) iy = +700mA 
ip = +100mMA 
(b) iy = +700mA 
ip = —220mA 
(c) Ip = +100mA. 
ip = —220mA. 


digit current is restricted at low currents only by the minimum 
acceptable difference signal and at high currents by the 
decreasing effectiveness of the net reading current. However, ip 
should not be much greater than 2/, or the effect of repeated 
‘disturbing’ digit currents on the quiescent operating points of 
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the loop could cause deterioration of the stored information. 
Further tests have been carried out on the system with a nominal 
digit current of —220mAT in order that non-selected words 
experience the maximum ‘disturb’ current likely to occur in 
practice. 


(5.2.3) Sensitivity to Operating Currents, 
The nominal word and digit currents are as follows: 


iy = + 700mA. 
ip = — 220mA. 
I, = + 100mA. 


Fig. 11 shows the waveforms obtained under these conditions. 
The effect of variations in any one of the currents when the other 
two remain constant is shown in Fig. 12(a), (6) and (c). The 
difference signal from the core pair is fairly sensitive to small 
variations, and it is a disadvantage of this mode of operation 
that accurate definition of the operating currents is required. 


(5.2.4) Further Tests. 


The voltage-output waveforms of Fig. 11 indicate that the 
recovery of the cores to a stable position on the operating 
loops is not achieved until approximately 0-25 microsec after 
the ‘write’ current has been removed. If the system is to be 
operated at a 0-6 microsec cycle time, there are two possibilities 
to consider: 


(a) If a given word is being operated at a maximum permissible 
rate, ‘read’ periods will occur at 0:6 microsec intervals, and thus a 
core will be read as soon as the preceding ‘write’ current pulse is 
removed, i.e. while the core is in an unstable state. 

(b) If a sequence of different words are being operated at the 
maximum rate, then a given core pair will be acted on by the word 
and digit currents, and then receive a number of ‘disturbing’ digit 
pulses. The first of these ‘disturb’ pulses occurs 0-6microsec after 
the active digit pulse on that core pair, when the cores are very 
near to their stable states. 


It is found that the stability of the system is satisfactory under 
each of these circumstances. In the first case the ‘read’ current 
is more than sufficient to change the available flux, and in the 
second the restoring action of the bias is adequate. Changes 
in the ‘read’ output signals from the cores do occur under these 
circumstances, as would be expected,/ but they do not exceed 
20% and can be considerably reduced by increasing the cycle 
time to 0-7 microsec. 

Further increases in speed can be obtained by reducing the 
duration of the operating currents and tolerating a smaller flux 
change. However, the flux change could be maintained pro- 
vided that the amplitudes of the operating currents were corre- 
spondingly increased. This has not been investigated in detail, 
since transistors capable of driving even a small number of 
words significantly faster than the cycle time achieved are not 
readily available. Operation of the system for tests described 
in Section 4.1.1 also proved satisfactory. 


(5.3) Use of Cores with a Low Coercive Force 


The mode of operation described in Section 5.2 has been tried 
with FX2140 cores, which have a very low coercive current (of 
the order of 90mAT) to determine whether the operating 
currents would be reduced. Curves similar to those of Fig. 10 
are obtained at rather lower word and bias currents. It was 
found, however, that the recovery of these cores after the 
‘write’ current is removed was comparatively slow, of the 
order of 1 microsec, and the operating loop is therefore extremely 
sensitive to repeated digit pulses. These cores have, however, 
been used with success in a partial flux-switching system,'* using 
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an unbalanced word current and no bias, in which the digit 
current is used to decrease the switching action of the ‘write’ 
current in one core of a core pair and to supplement its action 
in the other. 


(6) CONCLUSIONS 


Storage systems have been discussed which permit cycle times 
ranging from 0-6 to 2:Omicrosec to be achieved. In a large 
store the limit is set, not by the characteristics of the core, but 
by the availability of transistors capable of driving the systems. 
At present, transistors are available which would permit the 
operation of a 1024-word stack of core storage with a cycle 
time Jess than 2:Omicrosec. To achieve significantly faster 
operation the size of the store must be reduced, and it is esti- 
mated that 128 words could be provided with a cycle time of 
about 0-6microsec. It is expected that components will 
eventually become available which permit the operation of, say, 
4096 word stacks at a cycle time of about 1 microsec. 

The most promising modes of operation considered are those 
which depend on partial flux switching. This enables the cores 
to be cycled at high repetition frequencies with relatively low 
power requirements, and heating effects in the cores are also 
minimized. 
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(9) APPENDICES 

{ 

(9.1) Memory and Switch Cores t 
(9.1.1) Memory Cores. ( { 


Four different-types of 1-3mm memory cores have been 
tested and their characteristics determined. The results relevant 
to the switching and driving requirements of these cores are 
summarized in Table 3. 


Table 3 


1-3mmM Memory Cores 


Core type Ts 


oersted- . 
microsec | — 


0-64 
0-50 
0-40 


0-37 | 


oersteds 
1-48 
2°34 
2°61 


PHA 7/7) 


microsec 

F764/S4 .. 

Development core, 
GCli 


Development core, 
GC2 


Development core, 
1B1 


In this Table T, is the switching time appropriate to the 
full current J,, which is taken as $J,, where [, is the eee 
coercive current. The coercive force H, is that defined by 
eqn. (1), and is calculated using the average radius. 

The measured switching times of the three development cores), 
which have a higher coercive field than that of the F764/S4 core, 
indicate that cycle times of the required order could probably 
obtained with a conventional half-current selection technique 
The half-current would be of the order of 500mA, and thus the 
driving requirements of such a system and those of the syste 
discussed in the paper would be similar. 


(9.1.2) The F764/S4 Core. 


The F764/S4 core is the only one currently available in 
quantity in this country, and attention has therefore been con 
centrated on this type. Fig. 13 shows the variation in switching 
time and peak output voltage with driving m.m.f. Also shown 
are the inverse switching time and the form of the flux change 
obtained under, the test conditions. This plot of flux change 
used as a calibration for the integrator used in many of the 
experiments. 

The curves of Fig. 13, which were obtained by biasing the 
core to 500mAT and driving against this bias with a pulse of 
variable amplitude, are the results of measurements taken on 
50 cores, and they may be regarded as representing the average 
core. 


(9.1.3) Partial Flux-Switching Measurements. 


Fig. 14 shows the effect of switching currents which do not 
carry sufficient charge to permit complete reversal of the mag- 
netic state of the core. The core is initially set to a standard 
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Fig. 14.—Partial flux switching. 


saturated state by a current pulse i,, of large amplitude and 
duration. It is then partially switched by a pulse i,,, the ampli- 
tude and duration of which are limited. The percentage flux 
change F,,, which occurs during the partial switching, is plotted 
as a function of the amplitude of i,, for various durations. For 
a given pulse duration there is an approximately linear relation- 
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ship between F,, and current amplitude over a wide range. 
Over a limited range the flux changed by a given current is 
approximately proportional to its duration. For this type of 
operation F, and F,, (Fig. 14) are approximately equal, which 
implies that the movement of the operating point back to the 
zero current axis of the minor loop [Fig. 16(5)] is associated 
with only a small flux change, which is virtually completed 
during the switching off of the current i,,. 

An alternative method of achieving a partial flux switch is 
illustrated in Fig. 15. Here the currents i, and i,, are maintained 
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Fig. 15.—Partial flux switching with a bias current. 
i, = 800mA; 2-Omicrosec. 
in = 800mA; 0-5microsec. 
100% flux charge here corresponds to 97:5% in Fig. 14, 


at constant amplitude and duration, and the flux changes appro- 
priate to these currents are plotted as a function of a d.c. bias 
threading the core in such a direction as to diminish the switching 
action of i,. Under these circumstances F. and F,, are no 
longer nearly equal, in general F,, > F.. The difference between 
F,, and F, is made up during and after the switching off of i,. 
A typical flux-change waveform and the postulated operating 
loop are shown in Fig. 16(d), which illustrates the type of flux- 
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Fig. 16.—Flux-change waveforms and operating loops. 


(a) Charge carried by i, and i, sufficiently large to allow saturation in each directions 

(b) Charge carried by i, limited. 

(c) System with bias; charge carried by i, and iy sufficiently large to allow saturation 
in each direction. 

(d) System with bias; charge carried by iy» limited. 
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change waveform obtained under various conditions. There 
is an apparent anomaly between the curves of Fig. 14 and Fig. 15 
in that the values obtained for F,, at a given net switching current 
(i.e. i, in the first case, and i,, minus the bias current in the 
second) are not equal. This effect may be explained by noting 
that it is current in excess of the knee of the operating loop 
which is effective in changing flux. For the curves of Fig. 14 
the knee has a constant value (taken here as 370mAT, corre- 
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sponding to a 5% flux change) since the saturating current is 
constant. When a bias current is used, the saturating current, 
which is the sum of i, and the bias current, increases as the bias 
increases, and so the effective ‘knee’ current also increases 
because of the increasing saturation of the core. A curve 
showing the variation of the ‘knee’ current, as defined above, 
with saturating current is shown in Fig. 17(a); points are included 
to give an indication of the experimental accuracy, which is 
limited because the variations measured are only a small per- 
centage of the mean current. Using this curve a fair correlation 
is found between the curves of Figs. 14.and 15. This is illustrated 
in Fig. 17(6). 
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Fig. 17.—Correlation of Figs. 14 and 15. 


(a) Variation of ‘knee’ current with saturating current. 


(6) Variation of flux change with m.m.f. past knee. 


(i) Saturating current = 800mA, 2microsec. 
Knee at 370mA. 
‘Write’ current duration = 0-Smicrosec. 
(ii) Saturating current = 800mA, 2microsec + bias current. 
Knee. See Fig. 17(a). 
‘Write’ current = 800mA, 0:-5microsec — bias current. 


(9.1.4) Switch Cores. : 


The properties of the switch cores F002/S4 are of particular 
interest in relation to the properties of the F764/S4 core. The 
cores tested have the following dimensions: 


F002/S4 (L) 


F002/S4 (S) 


Outside diameter 


Inside diameter 


Outside dia. 
Inside dia. 


2:49mm 
1-4mm 
4-65mm 
2-53 mm2 
0:9725mm 
15:3 mm3 


1:78mm 


2:64mm 
1-5mm 
2-59mm 
1-475 mm2 
1:035mm 
9-62 mm3 


1-:76mm 
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Fig. 18.—Switching times of cores in $4 material. 


He Ky 
oersteds oersted-us 
F764/S4 ot 380 1-48 0-625 
F002/S4(L) .. 740 d-52 0-625 
F002/S4(S) .. 800 1-54 0-62 


The results of an experiment designed to yield values of th 
coercive force and switching coefficient are plotted in Fig. 18 
The cores were biased to 1-95 oersteds and driven against thi 


bias with a pulse of variable amplitude. (The bias field o 
1:95 oersteds corresponds to 500mAT for the F764/S4 core. 
The switching properties of the cores F002/S4 are virtuall 
identical with those of the F764/S4 core, the maximum deviatio: 
being about 5%. This is an expected result since all the core 
are fabricated in the same material. 

The relative flux density of the cores when they are cycle 
around similar hysteresis loops has been determined. Th 
experiment shows that at corresponding fields the flux densit 
of both the F002/S4 cores is greater than that of the F764/S 
core, and that the full saturation limits of the cores are ne 
reached at a field of 1-95 oersteds (corresponding to the fu 
current of the F764/S4 core). The reason for the increased a 
density of the F002/S4 cores is the increased density (g/cm* 
of the S4 material when fabricated in this form. The densit 
of the material in the three types of core is given below, wher 
it can be seen that there is a correlation, within practical limit 
of measurement, between percentage increase in density aq 
percentage increase in flux density: 


« I in fl 

Density Ingeease™ | density at 1-98 
g/cm} % % 
F764/S4_ 3-83 a # 
F002/S4(L) 4:06 6 7 
F002/S4 (2). 4-7 23 26 


| 
\.1,5) Effect of Temperature on Magnetic Properties. 

As the temperature of the cores is increased it is found that 
le switching time for a given drive current and the remanent 
ux density of the material each decrease. The reduction in 
vitching time with temperature, which may be attributed to a 
ecreasing coercive force, tends to cause an increase in the 
tak ‘read’ output voltage as the temperature increases. The 
acrease in remanent flux density has the opposite tendency, 
uit since the decrease in switching time is rather faster than 
te decrease in flux density, it is found that the peak output 
pltage increases with temperature over a wide range. 

Fig. 19(a) shows the variation of the switching time, flux 
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Fig. 19.—Variation of magnetic properties with temperature. 


(a) peck output voltage, flux change and switching time. 
Switching current = 500mA. Rise time ~ 0-1 microsec. 
’ (6) Peak ‘disturb 1’ output voltage. 
‘Disturb’ current = + 250mA. Rise time ~ 0-1microsec. 


200 


lange and peak output voltage of the F764/S4 core over a 
: 1 range of temperature, plotted as a percentage of the 
ues measured at room temperature (20°C). In Fig. 19(b) 
€ variation with temperature of the amplitude of the 
isturbed 1’ pulse is shown. This curve indicates that the slope 
’ the relatively flat portions of the B/H loop increases with 
mperature. At the higher temperatures (160°C and above) 
€ increase in output amplitude becomes more rapid, and 
reversible flux changes occur indicating that the ‘disturb’ 
irrent is moving the operating point beyond the knee of the 
\Op. 

(9.2) Theory of Flux Switching and Design of a Switch Core 
.2.1) Flux Switching. 


In Fig. 20(a) a switch core S is shown linked to n memory 
res. KR, represents the ‘wire resistance’ of the secondary plus 
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Fig. 20.—Flux switching. 


any extra resistance included for measurement or other purpose. 
Initially it is assumed that the switch core is biased to some 
point Z, on the B/H loop, and the memory cores are biased to 
the ‘half-current’ point [Fig. 20(b)]. These conditions are in 
accordance with bias system A discussed in Section 4. 

When the switch core in an element is a matrix the primary 
m.m.f. will be supplied by two windings X and Y, and when both 
windings are operative the total m.m.f. supplied is sufficient to 
overcome the bias and reverse the flux in the switch and memory 
cores. On removal of the primary drives the switch core reverts 
to its original state under the influence of the bias, whilst the 
switching in the memory cores is assisted by a digit current 
which effectively reverses the d.c. bias on these cores. 

The basis for the analysis is the equation 


d®, as oom 8 di 
Nie * SOU an xe One + iyR, + Leg! (3) 
which may be rewritten as 
dB, aie aBy, 8 di,, 
NAs a Xx 107 = nA), ma XMLOn eat Re +L, (4) 


where A, and A,, are the cross-sectional areas of the switch and 
memory cores and L, is the inductance of the word wire loop. 

Since the behaviour of the cores when switched at high speed 
is non-inductive, further consideration of eqn. (4) in its present 
form is difficult because of the terms in R, and LZ,. Provided 
that R, and ZL, are sufficiently small an approximation to 
eqn. (4) is 


aB, dB, 
N,As— dt aA An (5) 
Integrating this equation, 
N,A,AB, = nA, ABn Pata pene GO) 


If a choice of switch core is allowed the quantity NA, is a design 
variable, and assuming that the cores are of the same material 
AB, = AB,,. In this case, and when a complete flux change 
in the memory cores is required, 


DARA works: telex hx “ere GO 
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For a complete flux change eqn. (5) then becomes 


dB,  aB.,, 
SS = 5a 
dt dt Ce) 

This equation enables the driving requirements of the system 
to be estimated, since, if the switching rates of the cores are 
equal, the switching times will be the same. 


Boe hy ns) 


where H, is the net field which has to be applied to the switch 
core in order that the memory cores shall switch in a time 
appropriate to the field H,,. In eqn. (8) both H,, and H, are 
measured from the origin. 


Therefore 


(9.2.2) Design of a Switch Core. 


As an example, the design of a switch core to drive fifty-two 
F764/S4 memory cores is considered. The design equation is 


NVA S11. ay ios at ae ma (07) 


and the following practical points must be noted. 

(a) There will be m unswitched cores on the secondary loop 
which will absorb a small fraction of the available flux change 
from the switch core, and R, and L, may absorb an appreciable 
fraction of the available flux change. This is not taken into 
account in the design considered here, although the unswitched 
cores are allowed for by increasing the value of A,, by 5%. 

(b) The ‘squareness’, i.e. the slope of the steep part, of the 
B/H loop of the switch core should be similar to that of the 
memory cores; here the ratio of outside to inside diameter is 
made the same as that of the memory cores. 

(c) The average radius of the switch core must be kept com- 
parable with that of the memory cores, or the m.m.f. required 
to produce a given field will be excessive, but the average radius 
must be large enough to allow sufficient winding space. 

(d) It is possible to fabricate a switch core with a ratio of 
length to outside diameter of about 2 : 1. 

The dimensions of the F764/S4 core are 


Ay, = 0:1045 mm? 
fr, = 0°5125mm 
Outside diameter 

Inside diameter 


Outside diameter = 1-3mm 
Inside diameter = 0-75mm 


L, = 0-38mm = 1-73 


Then choosing N, = 2 
nl-05A,, 
2:85 mm? 


from eqn. (7) 


Therefore ve 


2 |j 


The average radius is given by 


mes Inside diameter | Outside diameter—Inside diameter 
Ss 
2 4 


Outside diameter iid 


e783) 
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Choosing res ne 
Outside diameter = 2:6mm 
Inside diameter = 1-5mm 
But re (Outside—inside) diameter L 


2 n 
Therefore L, = 5-2mm. 


The dimensions of the required core are therefore 


Outside diameter = 2-6mm 
Inside diameter = 1:-5mm 
L, = 5;:2mm 


(9.2.3) Primary Ampere-Turn Requirements of Bias System A. 


The switch core F002/S4 (L) has dimensions which appro 
mate to those specified, although the cross-sectional area 
rather smaller than this design requires. This is not a sev 
disadvantage, for two reasons: 


(a) The flux density of the S4 material when fabricated in t 
form is rather greater than measurements on the memory cores 
S4 material indicate. 

(b) The switch cores operate on a larger loop than the mem« 
cores, which do not attain full saturation even when the operat: 
loop is that recommended for normal ‘half-current’ selection. 


Tests on this switch core indicate that the switching coefficie 
and coercive force are virtually identical with those of t 
F764/S4 core (see Appendix 1) and it is therefore permissible 
use eqn. (8) to estimate the driving requirements. 


For Bias System A 


iy = + 500mA in one turn 
I, = + 250mA in one turn 
ip = — 500mA in one turn 
INE = 72 


Memory core bias, 

and 

Since the ‘read’ and ‘write’ currents are of equal magnitude, 
Nii, = 1Npiy 


where N,ji, is the total applied primary ampere-turns. 
Eqn. (8) then becomes, for the ‘read’ period, 


Nisam 
ao Nea ( 
Vs lm ZA 


and a similar equation holds for the ‘write’ period. Substitut 
values in eqn. (10), 


N,i,p = 2:43 AT 


Thus the required bias on the switch core is 2-43 AT and 


and : : : e's : ; 
Inside diameter primary drive is of the same magnitude as the bias. j 
[The discussion on the above paper will be found on page 605.] ; 
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SUMMARY 

The possibility that a matrix of electroluminescent cells could be 
id for storage of information in digital form has long been realized. 
+ problems involved in reading information from a simple type of 
manent store are discussed. It has been shown that the read-out 
e is limited by the afterglow of the phosphor, and, for a particular 
3S, Cu, Cl) phosphor, it is 25-30 microsec per digit. A theoretical 
pulation of the discrimination ratio, i.e. the ratio of the output 
nal from a ‘1’ to the interference signal obtained when a ‘0’ is 
scted, shows that it should be possible to operate matrices with as 
ny as 64 cells. This conclusion is not borne out by measurements 
de on experimental panels; these suggest that 32? is about the 
ximum. Results obtained in the paper are regarded as preliminary 
»e arbitrary choices have had to be made concerning some aspects of 
operation of the matrices. There is little doubt that considerable 
jrovement in performance is possible. 


LIST OF SYMBOLS 


a = Length of the side of a cell in an electroluminescent 

matrix. 

_ ¢ = Separation of adjacent cells in a matrix. 

d= Distance from the centre of a matrix to a corner cell. 

r= Perpendicular distance from the centre of a matrix to 

the centre of the photocathode. 

‘Pp = Radius of the photocathode. 

£E = Thickness of the glass substrate on which the electro- 

| luminescent cells are mounted. 

x = Parameter used to define a method of selecting the cells 

in a matrix. 

-V = Amplitude of the excitation voltage pulse applied to a 

@ cell, volts. 

‘. = Output pulse which results from~integration of the 

photocurrent. 

6B = ‘Brightness’ or integrated light output of an electro- 

_. luminescent cell excited by a voltage V. 

T = Time for the amplitude of an emitted light pulse to fall 

} to one tenth of its maximum, microsec. 

” = Period by which the integration pulse must be delayed 
for V, to be one tenth of its maximum value. 

w = Value of V, when a ‘1’ is selected in the matrix. 

= Value of V, when a ‘0’ is selected in the matrix. 

= Angle subtended at the axis of the photocathode by a 

corner cell on the matrix. 
- = Critical angle of incidence for glass to air. 
> = Standard deviation. 


Dre. 


(1) INTRODUCTION 


everal papers! * 34 have appeared during the last two years 
sribing electroluminescent panels. These have been con- 
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cerned with visual displays, but there has, for a long time, been 
a realization that it may be possible to use similar panels for 
digit storage. In particular, a permanent or semi-permanent 
type of store for an electronic digital computer may be visualized. 
In its simplest form this could consist of a matrix of electro- 
luminescent cells masked by a punched card or a photographic 
negative. The information in such a store could be altered 
only by changing the mask. It could be read out by selecting 
the cells one at a time by means of appropriate voltage pulses, 
and detecting the resultant light flashes with a photomultiplier. 
Photographic masks could be made with high accuracy by 
exposure to the electroluminescent panel on which the required 
pattern was being displayed. 

A more flexible store may be made if the electroluminescent 
phosphor is replaced by a matrix of two-state electrolumi- 
nescent/photoconductive switches. These two-state switches 
consist of an electroluminescent and a photoconductive cell 
electrically in series, with the photoconductive-cell receiving part 
of the light emitted by the electroluminescent cell. The properties 
of switches of this type (optrons) have been discussed in several 
papers.» ® 7 Information stored in such a matrix can be read 
rapidly (a few microseconds per digit). Writing new informa- 
tion into the store involves selection of each element in turn. 
As the time taken to change from the on state (‘1’) to the 
off state (‘0’) is about 0:Olsec, writing is essentially a slow 
process, but switching times are being improved as better 
photoconductive techniques become available. 

Possible advantages of using an electroluminescent matrix or 
a matrix of photoconductive-electroluminescent elements include 
the following: 

(a) Each element may be made very small so that relatively large 
numbers of digits can be stored in a small area. 

(6) The method of construction is suitable for the production of 
cells which are very uniform, at a relatively low cost. 

(c) The read-out may be very rapid, and is obtained in the form 
of a pulse of light. This can be expected to simplify pick-up 
problems, 


If such a store—or any other store utilizing the emission from 
electroluminescent cells—is to be used in a digital computer, 
it is necessary to know the limitations which are inherent in 
the nature of the electroluminescent light pulse. It is the pur- 
pose of the paper to discuss the response of electroluminescent 
cells to pulses of voltage, and to estimate the read-out speed 
and the number of cells which could be tolerated in an electro- 
luminescent matrix. 


(2) ELECTROLUMINESCENCE 


Electroluminescence, the sustained emission of light from a 
phosphor subjected to an alternating electric field, has been 
the subject of many papers, including References 8-12. A 
typical electroluminescent cell is shown in Fig. 1. When an 
alternating voltage is applied to the electrodes, light is emitted, 
and it emerges through the transparent bismuth-oxide/gold 
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Fig. 1.—Electroluminescent cell. 


a. Silver contact. 

. Transparent gold on bismuth oxide. 
c. Phosphor layer. 

d,. Copper. 

e. Glass. 


> 


layer. Contact is made to the electrodes by soldering directly 
to silver strips baked into the glass substrate. The phosphor 
layer is, in fact, two layers. The first is a suspension of zinc- 
sulphide phosphor in nitrocellulose, and on top of this is a layer 
consisting of barium titanate in a resin binder. 

To make a matrix of cells, the single electrodes are replaced 
by narrow conducting strips, as shown in Fig. 2. The strips 
are produced by a photo-etching process, and each has a silver 
contact ‘flag’. 


Fig. 2.—Electroluminescent matrix. 


a. Silver contact ‘flag’. 

b. Transparent gold bars. 
c. Phosphor layer. 

d. Copper bars. 

e. Glass. 


Although the response of cells such as these to sine waves 
and square waves is well known, there has been very litile 
published work on the response to narrow voltage pulses. It 
was anticipated that pulses of less than 10microsec duration 
would be used to excite the individual cells in a matrix, and so 
the properties of the light pulses emitted by electroluminescent 
cells under these conditions have been studied. 

A cell excited at regular intervals by a narrow pulse emits a 
series of double flashes of light. There is a flash at each edge of 
the excitation voltage pulse. If the light is detected by a photo- 
multiplier and the photocurrent is amplified and displayed on a 
cathode-ray oscillograph, waveforms similar to those of Fig. 3 


are obtained. 
(a) 


(6) 


4 —i— 
(e) 10 20 30 40 
TIME, MICROSEC 


Fig. 3.—Light waveform for pulse excitation. 


(a) Excitation voltage pulse. 
(6) Light emission. 
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The properties of the light pulses of most interest in 
study are as follows: 


(a) Individual pulses may vary widely. The varia 
decreases as the brightness of the emitted light increases. 

(b) Pulses may rise to a maximum in as little as 0-1 micr 
although the onset of the pulse does not occur immediate] 
the start of a voltage edge. 

(c) When the cell is excited by a 5 microsec pulse, the sec 
flash of each pair decays to one third of its maximum bright 
in 2-3microsec, and to one tenth in about 18-25 microsec 
room temperature). The decay time is dependent both 
pulse-repetition frequency and temperature, and, in genere 
increases as the pulse width increases. 

(d) Increasing the amplitude of the excitation voltage rf 
has only a slight effect on the rise and decay times of the] 
pulses. * 

(e) As the amplitude of the voltage pulse is varied, the vé 
tion in the maximum amplitude of the light pulse can 
expressed approximately by a relationship of the form 


B= Aexp(—b//V)._ 2) 


where A and b are parameters which depend on the phosp 
the cell construction and the experimental conditions, and - 
the amplitude of the excitation voltage pulse. It has long 
known? that a similar formula describes accurately the de 
dence of the ‘brightness’ or ‘integrated light output’ of a 
excited by a wide variety of waveforms. é 
{ 


(3) READING OUT FROM AN ELECTROLUMINESCED 
PANEL 

The store which will be considered is the simplest poss 
namely a matrix of n x n electroluminescent cells with a n 
which has holes to indicate ‘1’s and is opaque where ‘0’s 
stored. This is representative of any store in which the infor 
tion is read by detecting the light pulses from an elec 


luminescent cell. ‘ 
(3.1) Size of the Matrix 


It will be assumed that it is desirable to have as many 
as possible in a matrix, and that each cell should be as sm 
possible. In order to ensure that a large portion of the em 
light reaches the photomultiplier cathode the matrix shoul 
as close to the cathode as possible. In a practical system: 
of two situations arises: either the area of the matrix is 
than that of the cathode, in which case it can be extre 
close to it, or the matrix is bigger, when it must be far ent 
away for there to be very little difference in the amount of 
reaching the cathode from cells situated at different posit 
in the matrix. 
Suppose initially that an m x n matrix is bigger than 
photocathode, and that each of its cells is square, of si 
and separated from its neighbours by a distance c. = 
perpendicular distance from matrix to cathode be r, as sh 
in Fig. 4., It is clear that the cathode will receive mo 
from a cell on the common axis than from an identical ¢ 


PHOTOCATHODE 


Fig. 4.—Spacing of cells and position of photomultiplier. 
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corner of the matrix. If the cells are regarded as radiators 
ich obey Lambert’s law, and if r > d, the distance from the 
‘tre to the corner of the matrix, the photomultiplier will 
pive cos* @ times as much light from the corner cell as from 
axial cell, where 


(2) 


Shey ha 


zs 
| . d=vV/Anl2 — 1)(a+o (3) 


can decide that cos* @ must be at least as great as some 
itrary fraction. For example, if cost @ > 0-7, then 0< 24°, 
| from eqns. (2) and (3), 


r> 3-2(n/2 — 1)(a + ©) (4) 


| is convenient, when making the negative for the photo- 
ling process, to use a constant ratio of a to c, so that reduced 
mlarged copies can easily be made. In the matrices used in 
investigation a = 2c, and thus, for a 32 x 32 matrix, 
| 20 


(5) 


i 


| fora 16 x 16 matrix, 


= 33-6a (6) 


/@ xemains constant, in accordance with eqn. (5) or (6), 
ie is no theoretical restriction on the size of the individual 
}. This is because light reaching the photocathode from an 
1 cell will be proportional to a?/r?, and will be constant. 
varies while r/a remains constant, 0 is constant. When a 
‘duced so that r is not very much greater than p (the radius 
he photocathode) it can be shown that the cathode receives 
e light from a corner cell than would be predicted by the 
6 formula. If a is reduced until d <p, the restriction on 
jappears and it can be made as small as is practicable. 

| is obvious that the size of individual cells is not limited by 
liderations of the uniformity of the light output. The final 
vation is likely to be the difficulty experienced in making cells 
(ler than about 0-25mm square. There is also a limit to 
sensitivity of the detecting equipment, and the smaller the 
, the greater must be the amplitude of the excitation voltage 
&. As shown in the next Section it is advantageous to use 
mall a pulse as possible. Matrices used for measurements 
ribed in a later Section were made with 1 mm-square cells, 
matrices with cells of 0:3mm square have been made up 
ther purposes.! If the photomultiplier with a cathode of 
im diameter is used, a 64 x 64 matrix-of these 0:3mm 
\would be smaller than the cathode. 

jus the number of cells in a matrix will be determined by the 
imination which can be obtained, and when this is known, 
size of the cell can be chosen so that d< p, if this is 
ticable. If it is not, eqn. (4) must be used to determine r. 
lis conclusion is justified if the mask is in contact with the 
for instance if the back electrode were transparent. Using 
‘onstruction described in Section 2, the mask is necessarily 
tated from the cell by the thickness of the glass plate. If 
d and the matrix is very close to the photocathode, then, 
town in Fig. 5, light from a square cell of side a appears 
e cathode to be emerging from the glass surface from an 
(a+ 21 tan 0.) square, where t is the thickness of the glass 
7, is the critical angle of incidence. When a mask such as 
shown in Fig. 6 is being used, the light from a selected ‘0’ 
not be able to escape through an adjacent ‘1’. 


erefore ttand.<c (7) 


ra 1 mm-square cell eqn. (7) implies that the glass must not 
icker than about 0-33mm. When glass thicker than that 
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GLASS SURFACE 


ELECTROLUMINESCENT 
GEBIES, 


ka —- 


GLASS SURFACE 


Fig. 5.—Effect of refraction in the glass substrate. 


Fig. 6.—Part of a typical mask. 


specified by eqn. (7) has to be used, the matrix must be with- 
drawn until the angle of refraction of any rays which emerge 
from a ‘1’ adjacent to a selected ‘0’ is great enough to make 
them miss the photocathode altogether. This is illustrated by 
the ray ABC in Fig. 7, and the critical distance rg can be calculated 
from the geometry of the figure. 


PHOTOCATHODE 
a 


iS 
ELECTROLUMINESCENT 
CELLS 
Fig. 7.—Minimum distance from photocathode. 


(4) SELECTION OF A CELL AND DISCRIMINATION 


The ‘crossed conductor’ method of construction described in 
Section 2 enables one to select a particular cell (i, 7) by applying 
an electric field between the ith horizontal conductor and the 
jth vertical conductor. Some or all of the other (n* — 1) cells 
will experience a smaller electric field. The amplitude of this, 
and hence the amount of light emitted by these unselected cells, 
will depend on the way the unselected row and column con- 
ductors are connected. It must be possible in the extreme case 
to discriminate between the light pulse obtained when a ‘1’ is 
selected from a matrix which has (n* — 1) ‘0’s and the pulse 
which occurs when a ‘0’ is selected in a matrix in which all the 
non-selected cells are ‘1’s. 

The ‘discimination ratio’ was discussed in Reference 1, and 
it can be shown that the selection scheme suggested therein, 
namely to apply +-v/2 and —v/2, respectively, to the selected 
row and column, and —v/6, +v/6, respectively, to all the non- 
selected rows and columns, gives the greatest possible discrimina- 
tion when a number of selected cells are being photographed 
on the same film. 

Using a photomultiplier to read out from a matrix is quite a 
different matter, and the method of selection which gives the 
best discrimination can be found as follows. 
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(4.1) Discrimination Ratio 


Let the excitation voltage pulses, as shown in Fig. 8, be applied 
to the conductors of the matrix. Thus the selected-row con- 
ductor receives a pulse which rises from 0 to +v/2 with respect 


+V/X 
age 
6ELECTED 
CELL 


+V/2 —V/X 


= 
“7 


Be 


Fig. 8.—Method of selection. 


to earth, and the pulse on the selected column goes from 0 to 
—v/2 with respect to earth. All the non-selected row conductors 
are connected together and receive a pulse which goes from 0 
to —v/x, and the non-selected columns one which goes from 0 
to +v/x. Therefore the selected cell has a pulse of amplitude v, 
The 2(n — 1) cells along the selected row and column have pulses 
of (v/2 — v/x). The remaining (x — 1)? cells have pulses of 
(2v/x). The limiting cases are when 
(i) x + ©, ie. the non-selected conductors are all earthed. There 
are then 2(m —.1) unselected cells with pulses of amplitude v/2, and 
(m — 1)2 have no voltage across them. 
Gi) x > 6, when all (m2 — 1) unselected cells have pulses of 
amplitude v/3. 
Each cell will emit a light pulse which has a maximum intensity 
given by eqn. (1), i.e. 


B= Aexp (—b/\/v) 


If V,, is the ‘wanted’ signal, i.e. the output from the photo- 
multiplier resulting from the light emitted by a selected ‘I’, 


wy = A’ exp (—b//v) rere Fat s(8)) 


The ‘unwanted’ signal, V,, is the sum of outputs which would 
result from all (m2 — 1) unselected ‘1’s when a ‘0’ is selected, i.e. 
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Fig. 9.—Discrimination ratio for a 32 x 32 matrix. 
' @ b/V/v = 10. 
(ii) b//v = 12. 
(iii) b//v = 14. 
___ Gv) bio = 16. 


OPTIMUM VALUE OF X 


Optimum value of x for specified b//v 


conditions, an adequate value of V,,.can be obtained f 
pulses with V = 120-136 volts, when matrices with 1 mm-sqi 
cells are used. Thus it is quite possible to obtain a value 
b/,/v of greater than 12, and so, on the basis of these calculati 
it seems possible that 64 x 64 matrices could be used. | 


(5) READ-OUT SPEED 

As Fig. 3 shows, the light pulse initiated by the edge 
square pulse of voltage rises very rapidly. In a typical case 
light pulse may start rising before the excitation voltage ed 
completed, and it may reach its maximum in 0-2 microset 


V, = 2(n — A’ exp (— Fe /—5) + (a — 174’ ex (— F./5) Per ik roles > (LY, 
oe : (10) 


Using eqn. (10) curves of V,,/V, as a function of x have been 
drawn for b/1/v varying from 8 to 17, with n = 16, 32 and 64. 
Some of these curves are reproduced in Fig. 9. They show, for 
example, that V,,/V,, will be greater than 10 for m = 32, when 
bf\/v = 11. 

The value of x which gives the maximum discrimination 
(maximum value of V,,/V,,) has been obtained independently, 
using the Newton-Raphson iterative process, and the results 
are given in Table 1. 

Experimentally observed values of b/,/v ranged from about 
10 to 12, and it can be seen that in this range, for any value of 
n between 16 and 64 which gives a usable value of V,,/V,,, the 
optimum value of x is close to 8. Indeed, it is very likely that 
in any experimentally realizable conditions the best value of x is 
likely to be between 7 and 8-5. 

Using a blue/green-emitting phosphor (ZnS : Cu, Cl) with cells 
of the type described in Section 2, values of 6 ranging from 130 
to 160 have been observed, and, depending on the experimental 


less. It then falls relatively slowly, and, depending on a nu 
of variables, may take from 15 to 50microsec to decay q 
tenth of its maximum. It is this ‘afterglow’ which i 
rate at which digits may be read from an electrolumin 
matrix. When a number of cells are selected in successiot 
photomultiplier detects light emitted from the selected cell, 
also the light from any others which have been selected 
viously. The digit period must therefore be made long en 
to ensure that the residual emission from all previously sel 
cells is much less than the output of a selected ‘1’. In| 
words, it must be possible to distinguish between a ‘1’ y 
follows a series of ‘0’s and a ‘0’ which follows a succession of 


(5.1) Integrating the Light Signal 
Fig. 3 shows the waveform of the voltage pulse whit 


developed across a 1-kilohm load in the anode of a pl 
multiplier when the cathode detects a pulse of light fro 


‘troluminescent cell. This waveform is not suitable for 
rating the pulse circuits in a digital computer. 

ategrating the light signal has the effect of improving the 
rimination—as, of course, has any adjustment which reduces 
amplitude of the excitation voltage pulse necessary to produce 
inimum usable output. This is because the factor b/,/v in 
| (10) is increased when v is reduced. The choice of 5 microsec 
‘the integration period was made as a compromise between 
‘need to obtain a high discrimination ratio and the desire to 
as a short a digit period as possible. To perform this 
tion, the diode bridge circuit shown in Fig. 10 was used in 


+300V 


+300V 


| -12V +1-5V -150V 


Fig. 10.—Integration of the photocurrent. 


‘anode of the photomultiplier. During the integration 
od, two identical strobe pulses cause the diodes to be non- 
ducting, and the stray capacitance, C,, is charged by the 
tocurrent to a voltage V,. During the rest of the period 
diodes conduct and there is effectively a resistance of about 
johms across C,, which discharges very rapidly to a much 
er voltage. The strobe pulses are synchronized with the 
age pulses used to excite the electroluminescent cell, and the 
ipment was designed so that they can be varied in width, 
delayed by a variable time. It was found that V, was 
[test when the integration period started just at the end of the 
ltation voltage pulse. 


\2) Choice of Pulse Width and Pulse-Repetition Frequency 


Ine of the features of electroluminescence is the phenomenon 
suild-up."> 9,12 Tf after a period of rest a cell is excited by a 
Mtitive waveform, it is found that the light pulses gradually 
‘ease in amplitude over the first few cycles until an equilibrium 
eached. Similarly, if a cell is excited by irregularly spaced 
les of voltage, it is found that the light emitted at each pulse 
ends on the previous ‘history’. For this reason, in the paper 
»tinuous sequential selection is considered, so that each cell 
jlected once in every operating cycle. 

he discriminations calculated in Section 4 are such that it 
las likely that a 32 x 32 matrix could be operated success- 
7, and so the repetition rate has been based on 1024 digit 
ods. The width of the excitation voltage pulse influences 
ja the amplitude of the light pulse and its decay time. A 
ie width of 5microsec was chosen as it was found that the 
put signal, V., doubled when the pulse width was increased 
a 1 to Smicrosec, and only increased by a further 40% 
in the pulse was increased from 5 to 20 microsec. 

onsider the sequential selection of successive digits, each 
‘cating a ‘1’. It was decided that the excitation of these 
ts should be separated (by a time 7’) until the contribution 
7, from a ‘1’ which had been excited in the previous digit 
od was one tenth of the output to be expected from the 
ted ‘1’. The integrated photocurrent pulse V, for a fixed 
igration period, of course, progressively decreases in ampli- 
| as the start of the integration period is delayed after the 
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excitation voltage pulse. As Table 2 shows, 7’ is less sensitive to 
variations in excitation pulse width than the light output signal, 
but is greater than T (the time taken for the light output signal 
to decay to one tenth of its maximum value). Using a 


Table 2 


EFFECT OF EXCITATION PULSE WIDTH 


Pulse width ti ia 


microsec 


microsec microsec 


5 microsec pulse and integrating the photocurrent for 5 microsec 
results in T’ being about 30microsec, and thus a repetition 
frequency of 32.c/s was chosen. 


(5.3) Improvement in Read-Out Speed 


With the phosphor at present available, measurements made 
over a range of temperature from —80 to +120°C showed that 
the decay time depends in a complicated way on the temperature. 
In general, when a cell is being excited with narrow voltage 
pulses at a low repetition rate, the light pulse decays more 
rapidly at higher temperatures. Operating a panel at 100°C, 
for example, might lead to a reduction of 20% in the digit 
period. Symmetrical double pulses of voltage (Fig. 11) were 
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Fig. 11.—Brightness waveform for a double pulse. 


also tried, but the decay time was greater than for single pulses 
except at temperatures greater than 100°C, when it approached 
the same value. It seems likely that a really significant improve- 
ment in read-out speed could be obtained only by the use of a 
phosphor which has inherently a shorter afterglow. 


(6) EXPERIMENTAL OBSERVATIONS ON 
ELECTROLUMINESCENT MATRICES 


(6.1) Variation of V.. as a Function of Pulse Amplitude 


Measurements of V,, the average value of V,, for a wide range 
of voltage-pulse amplitudes have been made on a number of 
small electroluminescent cells, on different cells selected from 
both 16 x 16 and 32 x 32 matrices, and on groups of cells 
from these matrices. Fig. 12 shows some typical curves of V, 
plotted on a logarithmic scale, as a function of 1/\/v, where v 
is the amplitude of ‘he 5microsec exciting pulse. In all cases 
the integration period was 5microsec, and the pulse-repetition 
frequency was 32c/s. The curves approximate closely to 


Vo VOLTS 
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Fig. 12.—Integrated output as a function of the excitation pulse 
voltage. 
(i) Group of cells (12), 2 x 2mm at 15cm. 
(ii) Single cell 1 mm? at 1cm. 
(iii) Single cell 1 mm2 at 5-2cm. 
(iv) Single cell 2 x 2mm at 6cm. 


straight lines, showing that V, is approximately related to v 
by an expression similar to eqn. (1), namely 


V, ~ A’ exp (—b//) 


The slopes of the lines in Fig. 12 give the appropriate values of 
b. For different cells b varied within the range 130-160. 


(6.2) Statistical Distribution of V, 


In the calculations on discrimination it was implicitly assumed 
that V, and V, were, for any given operating conditions, con- 
stant from one pulse to another. But as described in Section 2, 
the light output from a succession of identical excitation pulses 
fluctuates in an apparently random manner. Since it is essential 
when reading out from a matrix that a ‘1’ should always be 
distinguishable from a ‘0’, it is necessary to know that the 
variation in V, and V,, will not be too great. The variability 
of the light pulse from a single cell in a 32 x 32 matrix as a 
function of the amplitude of the voltage pulse has been studied 
by recording V, on a cathode-ray oscillograph with a single- 
sweep time-base. This cell was continuously excited at a pulse- 
repetition frequency of 32c/s, and the time-base was triggered at 
lsecintervals. 500 traces were measured at each of five voltages, 
and the results have been analysed. Table 3 gives the averages, 
the standard deviations, o, and the ranges within which 95% of 
observations could be expected to be found (V, + 20). 


Table 3 


VARIABILITY OF V, 


volt 
0-026-0-170 
0-39-1-39 
1-28-2-80 
2:70-4:90 
5:47-6:91 


Table 3 shows that the standard deviation becomes relatively 
larger at the lower pulse amplitudes. In operation the individual 
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cells just give an output which is reliably observable with | 
measuring equipment used, at 120 volts excitation, and could 
operated in the range up to 240 volts. If a (w/2, v/x) select] 
system is used, with the optimum value of x (~8) chosen, it} 
vidual cells with 30/ 8 across them will, in general, give an out 
of less than that given in the Table for 120 volts, and will shj 
a standard deviation which is relatively o18ater. But there | 
2(n — 1) of these cells (i.e. 62 in a 32 x 32 matrix). Thus 
average total signal will be greater by a factor of 62, wher 
the standard deviation will be increased by a factor of only 
Similarly, the signal from the (” — 1), i.e. 961, cells with | 
across them would give an average output 961 times, ane 
standard deviation 31 times, that of a single cell. Usin; 
32 x 32 matrix and an excitation voltage of 240 volts it 
found that V,, had an average value of 0-27 volt and o = 0° 
This means that 95% ofthe pulses would result in a value} 
V,, of between 0-11 and 0-43 volt, while the probability of 
being greater than 0-54 volt is less than 0-001. 4 

(These probabilities have been calculated on the assump! 
that the voltages of individual pulses have a normal distribut 
about the mean value. In fact, there appeared to be a s 
asymmetry in the distribution when a voltage pulse of 
amplitude was used.) 

It can therefore be concluded that the variation in the li 
emission from pulse to pulse is unlikely to be a limiting fac 
in the operation of a 32 x 32 matrix, though it must be all 
for in the design. 


(6.3) Direct Measurement of V,,/V,, using: Masks — 


To simplify the problem of driving the 2( —J) unselec 
conductors with fast-rising pulses, a 16 x 16 matrix was U 
for the experiments. (The capacitance of the 32 x 32 p 
was about 0-006 F, and it was considered that the edge of 
voltage pulses should rise and fall in less than 0-3 mi 


+: 
a 
} 
I 
- 


ae 


MASK 1 


photographic film. | 
Mask 1 transmitted light from one spot only. By seleet 

of the rows and columns of the matrix, light from a cell’ 
V, (v[2 — vx) or (2v/x) across it could be observed. | 
Mask 2 allowed light from all the cells except the selec 
one to fall on the photomultiplier. 
Mask 3 allowed only the light from the (n — 1)? ce 
voltage of 2v/x across them to be observed. 


Mask 1 was used to measure V,,, and mask 2 to measure V 

The total area of the matrix was 2-4cm square, and a ph 
multiplier with a cathode 4-4cm in diameter was used. 
matrix could not be positioned in close proximity to the cath 
because of the thickness of the glass plate (see Section : 
It was therefore put at a distance of 5:5cm. It was found! 
b ~ 142, and the pulse amplitude used was 136 volts. T 
fore b/\/v = 12. V,,/V, was measured for a number of 
of x, and the experimental results have been plotted in Fig. 
The theoretical curve has been drawn for comparison. It 


Fig. 14.—Discrimination ratio for 16 x 16 matrix. 


(a) b/V/v = 10, 
(b) b/V/v = 12. 
++ Experimental points. 


iseen that the maximum occurred at a slightly higher value 
i, and was very much lower than had been predicted. The 
4\lts nevertheless follow a curve which is similar in shape to 
§ theoretical one. 

‘he most likely explanation of this lower discrimination is 
| it is caused: by the fraction of the light from the selected 
) which is totally reflected at the glass surface. This light, 
teaching the lower surface of the glass, will not encounter a 
\s-to-air boundary, and at least part of it will be transmitted 
he underlying phosphor layer, where it will be scattered and 
orbed. But some of the scattering will be in a forward 
ction, and this will result in the escape of light which 
Hiinated behind an opaque square through holes in the mask. 
‘a addition, there is a possibility that a small amount of 
ismission sideways away from an excited cell can occur, so 
| some light escapes into the surrounding phosphor, where it 
7 be scattered forward, and may ‘leak’ out through holes in 
‘mask. Such an effect is likely to be confined to within a 
ill distance from the excited cell. 

hat there is an unwanted escape of light was demonstrated 
wthe use of mask 3, with x— ©, i.e. with all conductors 
hed except the selected pair. There should have been no 
't reaching the photocathode from the matrix, but an output 
lal of about 0-04V,, was observed. It was confirmed that 
i) was due to light emitted from the matrix by removing the 
/age pulse from the selected conductors; this resulted in the 
‘put dropping to zero. 


(7) CONCLUSIONS 


+1 the paper the most exacting situation has been assumed. 
wthese circumstances a discrimination ratio of 22:1 was 
juined with a 16 x 16 matrix. It can be inferred from the 
yes in Fig. 9 that a ratio of 9 or 10: 1 should be possible 
a 32 Xx 32 matrix. Even when allowance is made for the 
‘lom variation of the output signal, these figures suggest that 
aould be possible to use a 32 x 32 matrix as a permanent 
‘e. With the values of b/,/v attainable in practice it is 
)retically possible to use a 64 x 64 matrix, but with the 
*rimental matrices at present in use the discrimination ratio 
tld be too low. Improvements will depend more on reducing 
Scattered light than on improving the ratio b/\/v. Better 
(lts may be obtained by making the panels on very thin sheets 
lass, or by using opaque conductors on the glass and trans- 


ir. J. E. Flood: The form of store shown in Fig. 1 of the 
er by Prof. Kilburn and Dr. Grimsdale was also indepen- 


tly invented two years ago by my former colleague, the late 
R. W. S. Kinsey. 


parent conductors on top of the phosphor. 
layer may be used to protect the top (transparent) conductors. 
With a thin transparent layer, much more of the internally 
reflected light would be returned to the phosphor of the emitting 
cell or to the phosphor immediately below the opaque border 
which surrounds each cell. 
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A very thin resin 


It has been shown that there is no theoretical limit to the 


smallness of the cells, but if they are made very small a larger 
voltage pulse must be used, and this leads to a reduction in the 
theoretically possible discrimination ratio. 
1 mm? in area have been used, but it is obvious that these do not 
represent the lower limit in size, and reduction to one tenth of 
this area could be tolerated. 


Cells which are 


The fundamental limitation to the speed of the store is the 


decay time of the phosphor after excitation, or the ‘afterglow’. 
It seems reasonable to assume that considerable improvements 
can be obtained in this direction. 
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DISCUSSION ON THE ABOVE FOUR PAPERS BEFORE THE MEASUREMENT AND CONTROL 
SECTION, 1ST MARCH, 1960 


In the store proposed by Mr. Kinsey the coils corresponding 


to the binary digits of a word were packed, one behind another, 
on a common axis. 
assembling small ferrite cylinders and non-magnetic spacers in a 


The values of the digits were determined by 
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transparent tube. The tube was then inserted through the 
centre of the coils in order to provide the required coupling 
paths between windings. Assemblies of coils were placed side by 
side to form a row of word stores, and several such rows were 
mounted one above another in a rack. In this way a 3-dimen- 
sional store was achieved, instead of the planar arrangement 
described by the authors. 

A small model of the store was built and successfully demon- 
strated. However, we did not proceed further with the develop- 
ment, and the reason for this may be of interest. We were 
investigating semi-permanent stores for use as translators in 
automatic telephone exchanges. In this application a very short 
access time is not required; a variety of stores are therefore 
available, including the magnetic drum and the Dimond ring 
translator.* 

The Dimond ring translator and its successors store informa- 
tion by means of a variable pattern of wires threaded through a 
fixed array of magnetic cores. The present store uses the inverse 
arrangement, namely a variable pattern of cores threaded through 
a fixed array of wires. Because we did not need high operating 
speeds we failed to see any advantage in the new arrangement 
and did not develop it further. The authors are to be con- 
gratulated on realizing the advantages to be gained from this 
inversion. As the wires have fixed positions, they can be laid 
out carefully and kept as short as possible, thus enabling high 
operating speeds to be achieved. At the very high speeds used 
by the authors, it would appear necessary to consider the wires 
as transmission lines. If this is so, information on the para- 
meters of these lines would be useful. 

The mechanical design of the changeable version of the 
authors’ store is novel and the idea of moving the ferrite cores 
by means of air jets is most ingenious. It would be interesting 
to know how reliable this arrangement has proved in practice. 

Mr. C. P. Gerrard: What does the 200 000-bit permanent store 
cost, and how does it compare with core assemblies? If it is 
not essential to vary the store, a version using small ferrite rings 
of linear magnetic material would seem to offer the following 
advantages: 

(a) No keeper rods would be required. The store could be 
made more compact, thus reducing the propagation time and 
giving a faster read-out. 

(b) The drive currents would be reduced because of the 
higher-efficiency magnetic circuit formed by the smallring. This 
would reduce the time spent in allowing the current to reach an 
effective value, and thus further reduce the read-out time. 

(c) One could make use of existing production techniques for 
threading square-loop cores. 

There remains, of course, the question of initial errors in the 
threaded assembly, which is one of the disadvantages of the 
system, but a few errors can be dealt with. In the system 
described, any bit to be read out is uniquely specified by the 
voltages at two points. One point is in the drive selector and 
the other is in the read selector. If a bit is in error, these two 
points can give advance warning that an incorrect bit has been 
accessed. A purely logical correction can then be effected using 
approximately three semiconductor elements per incorrect bit. 
Therefore, a few errors can be tolerated with no great increase 
in cost, but, of course, no drastic changes can be made. 

It would seem, therefore, that, although it is not so flexible, 
a system using very small linear ferrite rings would cycle at a 
higher rate and perhaps be reasonable in price. 

Mr. T. H. Walker: I have used small ferrite toroidal cores not 
for storage, but for coding and code translating. 

I agree with the authors about the advantages of using the 


* DIMOND, T. L.: 


‘The No. 5 Crossbar AMA Translator’, Bell Laboratories Record, 
1951, 29, p. 62. 
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ETC. 


two-core-per-bit system, but would query the speed. Using } 
fastest currently available materials and employing partial fj 
switching in a word-selection system, the 2 microsec cycle til 
seems a little slow. Since we were dealing with much smal 
matrices, this may be significant, and I wonder whether 
authors could give some idea of the relationship between 
total cycle time and the speed of switching of a single eleme| 

Mention is made of increased temperature sensitivity wl 
using the two-core-per-bit system. Do the authors agree tf 
the tolerances with respect to core characteristics must be bet 
for this system, because one is dealing with second-order rat} 
than first-order properties in this case? 

The permanent or semi-permanent type of magnetic sti 
obviously represents basically a very cheap method, but I w 01 ; 


for making it possible to-change the information, which it ¥ 
seem must-be-of fairly high precision. 

Mr. W. A. E. Loughhead: I am interested in the code trans 
as applied to the telephone field. Dr. Flood mentioned 
Dimond-ring type of translator, in which wires are fed throv 
cores. One of the problems encountered was interference fi 
external magnetic fields, etc. I notice that in the read-out s 
there are rather long loops of wire. Have the authors had < 
trouble with pick-up and interference problems on account 
these loops? a 

Mr. D. Eldridge: The ability to change the contents of | 
fixed store described in the paper by Prof. Kilburn and 
Grimsdale raises the question whether such a facility is r 
required. There is inevitably a price to be paid for this flexib 
if only in that a more economical technique using resistoi 
capacitors would be otherwise practicable. It may well be 
the provision of this feature is only justified in either a unive 
or special-purpose machine or where the store contents 
changed rapidly and automatically so as to provide an a’ 
input channel for data. 

When compared with a random-access core-matrix store 
fixed store can offer both a speed and cost advantage. Ho 
the latter is offset somewhat by the selection scheme, whi 
direct rather than coincident, and, with the technique desc: 
by the need to insert a large “number of keeper rods. t | 

The 52-sense amplifiers used in conjunction with 832 transis} 
switches have not been described by the authors. Some det: 
of these would be welcome together with an assurance tha 
difficulty is encountered in switching 30millimicrosec 23 
signals. ; 

The stated cycle time of 0-2 microsec appears to be obtait 
only at the expense of limiting the essentially random-a 
nature of the store, since about 1 microsec is required to s i 
the sense amplifiers. As used by the authors this is acceptal 


Ly 
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restriction therefore either limits the field of application | OF | 
speed of this system. | 
Mr. A. Proudman: With regard to the fast-carry propags 
circuit, are there any loading problems on the chain of tran: 
forming the carry path itself? | 
The authors divide the carry path into groups of six stag 
with emitter-followers between groups. Transistors associ 
with the least-significant digits of each group will therefore] 
to drive six outputs in the case where a carry is propagatl 
I notice that both the stages shown in the Figure are iden 
and that no obvious allowance is made for the tee-ing 
of current down the chain. Is any problem associated W 
this? 
Mr. E. H. Cooke-Yarborough: In any kind of magnetic+< 
store it is necessary to drive a current down any one of mé 


#:s. That is true whether the store is of the coincident current 
|. word-selection type. 

|here is one way of doing this which I have not heard 
jussed, and I wonder whether Prof. Kilburn has considered 
Tt is the selection switch described by Constantine.* If a 
fent is to be driven down one of N wires, each wire is coupled 
one of N transformers. N pairs of transistors are also 
jpled to these transformers, every transistor being coupled to 
Sy transformer, but with a different combination of phases 
Hach case. To select a particular wire, one transistor of each 
| is energized and their effects are so phased as to cancel 
i ipletely in all the transformers except the one associated with 
WH selected wire, where the effects add. Thus the N transistors 
effectively in parallel in driving the selected wire, and quite 


‘rof. T. Kilburn and Dr. R. L. Grimsdale (in reply): It is 
Hcult to give useful estimates of the cost of commercial 
“ions of the permanent store, but it is suggested in the paper 
| the cost per bit would be between one-tenth and one- 
‘tieth of that for the conventional square-loop magnetic-core 
'e. The substitution of rings of linear, ferrite material for the 
3 used in the permanent store would seem undesirable as it 
yild increase the cost and make changes in information 
lemely difficult. No trouble is experienced with pick-up in 
mesh due to stray magnetic fields. 
he transistor switches used for ‘read’ selection operate satis- 
orily. They have negligible impedance to the ‘read’ signals 
#n closed, and when open have an impedance which is high 
“(pared with the input impedance of the read amplifier. 
he store has been arranged so that there are 16 blocks, each 
#256 words. The access time to a word in a block is 
imillimicrosec and a block will remain selected until a new 


| library routines, the information can be arranged with- 
he store so that block changes are not required within 
ines. 

rr. D. B. G. Edwards, Mr. M. J. Lanigan, and Prof. T. 
Surn (in reply): The memory cores used have a switching 
=: of 1-2microsec when operated under coincident current 
‘ \litions. In the basic bias system using word selection and 
§ flux switching the switching time is reduced to 0-42 microsec, 
fag a minimum possible cycle time of 0-84microsec. This 
cre will be increased in practice mainly owing to the time 
)Zonsrantine, G.: IBM Journal of Research and Development, 1958, 2, p. 205. 
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large currents should be obtainable. I would be interested to 
learn whether this was tried as a way of driving a square-loop 
store. 

The velocity-of-light carry reminds us of the problems which 
will arise when computers become so fast that the physical size 
starts being limited by the velocity of light. Is it essential to 
locate all the high-speed parts of the computer within, say, one 
digit period of one another, or it is practical to consider a logical 
design in which the whole computer is much larger, but is 
so laid out that there is never a long distance between com- 
ponents which are required to interact? One might think 
that this would be very difficult to arrange, but I have heard 
that it would place only minor restrictions on the logical 
design. 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSION 


required to establish the operating currents. If transistors are 
to be used to drive a 1024-word store, this latter time could well 
be 0-6-0:7microsec. Thus the cycle time is of the order of 1-5 
microsec, the figure of 2microsec being essentially a target in 
the initial specification of the store requirements. 

Using partial-flux-switching techniques either the cycle time 
or the power requirements of the system can be reduced. 

The tolerance of a system to variation in core characteristics 
depends on the exact details of the system, There are some 
two-core-per-bit systems which are just as sensitive to variations 
as a one-core-per-bit arrangement; in particular, the coded 
system which has been referred to in the main text. It is 
therefore impossible to agree with the general statement made 
by Mr. Walker. With regard to temperature sensitivity, we have 
observed that a two-core-per-bit full-flux-switched system was 
less sensitive in this respect than a similar system with partial- 
flux switching. 

Prof. T. Kilburn, Dr. D. B. G. Edwards, and Mr. D. Aspinall 
(in reply): Mr. Proudman is quite correct in his observation that 
no allowance is made for teeing in of current down the ‘carry’ 
path of the adder. It was felt that in an engineering design such 
individual adjustment could not be allowed. We have solved 
the problem by defining the currents in the base and emitter leads 
fairly accurately, so that in each stage the difference current is a 
maximum of 0-25mA. In a group of six, stages the total dif- 
ference current is 1-5mA and the voltage change is typically 
0-1 volt. The purpose of the emitter-follower after a group of 
six stages is to give a fresh start to the following group with 
regard to both the difference current and change in voltage level. 
This technique has proved very satisfactory in practice. 
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before the MEASUREMENT AND CONTROL SECTION 26th April, 1960.) | 


SUMMARY 


The paper shows the need for a selection and testing machine in 
the light of recent developments in the automatic assembly of com- 
ponents on to printed-wiring boards. The advantages of a pro- 
grammed machine are given and the flexibility and simplicity obtained 
are illustrated. 

The general operation of the machine is outlined. Examples of the 
method of coding and the technique of programming on to punched- 
paper tape are included. The build-up of the electronic control from 
a number of relatively simple basic circuits is shown. 

Finally, the range of components handled, details of the test bridges, 
and the overall speed and reliability are given. 


(1) INTRODUCTION 


The advent of the transistor and methods of mounting 
components on boards in a 2-dimensional array offer the 
prospect of assembling these components automatically, thus 
saving considerable human effort. The boards or cards used 
are normally made of phenolic resins and have electrical con- 
ductors, usually of thin sheet copper, bonded to one side. 
Holes are punched or drilled in the card and components are 
inserted with the ends of the wires bent over on to the copper 
foil. Components, held in magazines, are assembled sequentially 
and it will be appreciated that, should an incorrect component 
be inserted owing to an error in value, tolerance or sequence, 
the location and rectification of the fault could be both time- 
consuming and expensive, particularly as the components must 
be soldered into position before functional tests can be per- 
formed. It is always possible for a component magazine to be 
incorrectly filled and although most components are correct 
when made, there is no guarantee that they are still so when 
required for use after what may be a considerable storage period. 
The need for a check of the components immediately prior to 
automatic assembly is thus clearly indicated. 

A very wide range of electronic equipment may be produced 
by these methods, involving a considerable variety of components 
and a large number of different designs. A testing machine 
should be capable of checking any of the components used and 
should be so made that it can be changed over easily and rapidly 
from one design to another. This dictates extreme flexibility 
and therefore a programmed type of machine has been evolved. 
The testing sequence forms part of the programme; thus, not 
only is the machine made simpler by the omission of sequence 
control, but also the type and order of test can readily be 
changed. To fulfil these requirements, contributions are needed 
from the logical designer as well as from the mechanical, elec- 
trical and measurement engineers. Furthermore, the conflicting 
requirements from these diverse fields must be reconciled. 

Although the required functions are complex, a deliberate 
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policy of using the simplest and most reliable techniques hi 
been adopted. As will-be seen, this has resulted in the use} 
some well-known devices. ‘This approach enables the electror} 
control for such an industrial machine to have the requir) 
degree of reliability without a large-scale proving programme {| 
every individual part of the circuits. | 


(2) GENERAL DESCRIPTION 


ponents only, since these comprise the great majority of com 

nents in use to-day. "7 
An outline drawing of the experimental machine is shown 

Fig. 1. Each component type is mounted in a remeé 


Fig. 1.—Outline of machine showing main parts. 


magazine, A, the required number of these being mounted 1 
removable framework, B, comprising the component st 
When an appropriate solenoid on the framework is energiz 
a component is released and drops on to the component tr 
port bar, C. Slits in this bar are fed with compressed ‘air af 
the components are lifted by the air jets and carried to the 
station,D. Here the component is held, test clips make elect 
contact with it and tests are made. Correct components 
permitted to continue along the transport bar at E whilst incor 
ones are dropped through the-trapdoor, F. 
The operation of the test station is shown diagrammaticall 
Fig. 2. The whole sequence is controlled by electronic circ 
mounted at G in Fig. 1. For ease of construction and mai 
nance the circuits are broken down into small units, each mouf 
on a printed-wiring board which slides into the shelves as sho 
Five-track punched-paper tape, well known in telegraph ec 
ment, is used for the programme which is read into the me 
by means of a step-by-step tape reader presenting one chara 
at a time. The programme consists of information regar 
magazine numbers, component types (resistor, capacitor, 
etc.), component values and tolerances, punched on to the tap 
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DETECTOR i Y& 


LIGHT BEAM | " 
mS REJECTED 


Fig. 2.—The test station. 
| 

mips of characters or blocks. Each block of information 
's with a prefix character which identifies it, and is followed 
'n end-of-block character. 

jae whole control system is arranged to reset whenever an 
@ of-block character is received. The prefix of the next block 
en used to route the following information to the appropriate 
‘of the machine, and as soon as one block has been dealt 
|the next block isreadin. Blocks giving magazine numbers, 
ponent values, etc., which are required for some time, are 
td. The timing of all operations is controlled by pulses 
yed from a clock consisting of several monostable circuits 
nected in a ring. Some of the information, after storage, is 
%, to set up the required bridge standards by means of reed 
4s. The pass or reject traps are operated by solenoids. 
to-transistors are used to detect the movement of com- 
pnts; one is used in the test station to initiate the test cycle 
She arrival of the component; others detect the passage of 
ipted and rejected components. 


| (2.1) Outline of Operation 

| block schematic of the machine is shown in Fig. 3. A 
#cal sequence of events when the programme tape is inserted 
» the reader and the machine started is as follows. The tape 
#er consists of a number of end-of-block characters which are 
§. in and used to reset all control toggles. The first block 
formation on the control tape is a prefix, followed by the 
ling or board number and any other special instructions. 
sng on the prefix, the control routes the information through 
iswitch shown in Fig. 3 to a tape reperforator. A copy of 
ineading on the programme tape is thus available for subse- 
jit use by the progress control or other sections of the factory. 
#/ next block of information is a second prefix and the number 
|e magazine in which the component first required is stored. 
| control routes this information to the magazine number 
/2 and uses it to pulse the appropriate magazine electromagnet, 
| allowing the first component to fall on to the transport 
mm. A third block comprises a prefix and the bridge 
(mation. This is routed to a common bridge store and is 
. used to set up the range, value and tolerance of the appro- 
te bridge. In the meantime, the component is being carried 
he transport system to the test station. On its arrival, it is 
cally detected. Test clips grip the component’s wires and 
ject them to the test bridge. The electrical test is carried 
i) and the component is passed or rejected as appropriate. If 
rejected the contro! will call up another component accord- 
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TELEPRINTER 
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REJECT 


COMPONENT 


Fig. 3.—Block schematic. 


ing to the information still stored in the magazine-number store 
and the test cycle will be repeated. When a component is 
finally passed, the control cancels all stored information and 
steps the tape on to the next position. The whole sequence is 
repeated for the second and subsequent components until the 
board is completed. 


(2.2) Codes 


The codes used are shown in Table 1 in which a ‘1’ is used 
to represent a hole, and a ‘0’ to represent no hole. Of the 


Table 1 


Opp Parity CopEs 


Meaning 
as a tolerance 


Meaning 
as a prefix 


Combination 


Track number 
12345 number 


Spare 
Tape reper- 

forator 
Magazine 
Spare 
Resistance 
Capacitance 
Stop 

A 


Spare 
IES 


+10% 

Spare 

+20% 
nN 


==) 
a) 
=) 


WOMADAMNHWLY 


Spar 


0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 


See OOOOH RS BRK OO oo 


1 
0 
0 
1 
0 
1 
1 
0 
0 
1 
1 
0 
1 
0 
0 
1 


RR OORROORROORF 
ROR OROROHOROFHO 


1 


End-of-block character 


Track 1 is the parity track. The weights associated with tracks 2, 3, 4 and 5 are 
8, 4, 2 and 1 respectively. The feed holes lie between tracks 2 and 3. 


2° combinations possible in each row of 5-track tape, half have 
an odd number of 1’s, and half have an even number of 1’s. 
Those combinations with an odd number of 1’s are known as 
odd parity codes, and are numbered 0 to 15. Any number from 0 
to 15 may be written in binary form as 8A + 4B + 2C + D, 
where A, B, C and D are 0’s or 1’s._ A is always punched in 
track two, B in track three, C in four and D in five. Track one 
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contains a ‘0’ or ‘1’, so that the number of 1’s in each row is 
odd, and it is known as a parity track. This is an example of a 
weighted code, so called since each track (except track one) has 
a value or weight associated with it. 

With the exception of the code 00000, which always means 
‘end of block’ each of the tape characters may have various 
meanings according to its position within any block of informa- 
tion. For example, in a block of information consisting of the 
code numbers 43152, the prefix 4 implies that 3152 concerns a 
resistance. The 3 is used to indicate that the value lies between 
10? and 10* ohms, and the 15 are the first two significant figures 
of the value, while the 2 gives the tolerance as +10%. Coding 
for capacitances is similar and the block 55204 is the code for 
2:0 x 10°pF + 20%. Magazine blocks are even easier to 
code, magazine 25 being represented by 225. After the prefix 1, 
any set of characters will be copied by the reperforator until the 
code 00000 is encountered. Finally, the block consisting simply 
of the prefix 6 is used to stop the machine. 


(2.3) Programming 


As the preceding examples have shown, it is fairly simple to 
write down and read codes for machine control. By writing 
first a magazine block, and then the type, value and tolerance 
of the component contained in the magazine, then another 
magazine block and so on, the machine is caused to select and 
test components in any desired sequence. ‘Comments’ can be 
interpolated for reperforation, and the tape ends with a stop 
code. From the written programme, a tape is punched utilizing 
a suitable keyboard perforator. By comparing the tape with 
another produced from a second independently written pro- 
gramme, errors may be detected and by tape-editing processes a 
correct tape can be prepared. No special difficulty has been 
experienced in preparing tapes for experimental and testing 
purposes, but more sophisticated programming methods could 
be introduced if the scale of operation justified them. 


(3) THE ELECTRONIC CONTROL 


Some of the parts from which the machine is built up will now 
be described. Positive logic is used throughout, ie. a ‘1’ is 
represented electrically as a voltage positive with respect to 
earth and a ‘0’ as a zero (or negligible) voltage. 


(3.1) The Transistor Toggle Circuit 


For storage purposes the bistable Eccles—Jordan or flip-flop 
circuit shown in outline in Fig. 4, and sometimes called a 


o+12V 


STROBE 


of ft 
Sa Ce 
Rg 
SET INPUT RESET 


RESET SET 
OUTPUT OUTPUT 


Fig. 4.—Transistor toggle circuit. 
Ri, R2 2:2kQ Cl, C2 0-005 uF 


R3, R4, R5,R6 10kQ C3 0-01yF 
R7, R8 56kQ D1,D2_ OA95 
RI 1kQ VTi, VI2 OC71 
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‘toggle’ circuit, is widely used in the control equipment. ” 


of control potentials to the ‘set’ or ‘reset’ inputs, the change-o}| 
being initiated only at the instant of the timing or strobe pull 
Thus, if many such circuits are required to change they will | 
start to do so during the same strobe pulse, all circuits hay} 
reached their new states before the next strobe pulse occu} 
This technique prevents faulty operation and ensures that jj 
machine keeps in step. af 


(3.2) The Monostable Circuit 


Another frequently-used circuit is a monostable version of 
toggle citcuit. The monostable circuit (Fig. 5) requires a cont} 


SET INPUT~2 ‘ \% 

9 \ i 

t, 

7 

STROBE i 
2 


o- 5a 4 Py - 
ee ' 


STROBE 


oe 


SET INPUT 1 


14 


RESET SET Ov: a 
OUTPUT OUTPUT Ht 


Fig. 5——Monostable or delay circuit. 


R10, R11 2:2kQN C4 as required | 


R12, R13. 10kQ CS 0-01 uF £; 
Ria Ae 56kQ C6 0-005 uF -| 


1kQ D3 OA9S tf 
VT3, VI4_ OC71 


potential at the ‘set’ input to make it respond to a strobe 
in a similar way to the toggle circuit, but since the ‘set’ sta 
unstable the circuit returns to the original or ‘reset’ state after 
time determined by the time-constant of the circuit. A seco 
independent input circuit is shown in broken lines, allowi 
operation from either of two sources as required. 


(3.3) Diode Gates 


Another basic unit is the diode gate. The ‘and’, or coincid 
gate consists of a number of diodes connected as show 
Fig. 6(a). These gates are used for routing 5-wire inform 
to the various parts of the equipment, a typical 5-wire gate 
shown in Fig. 6(d). 

The ‘or’’gate is also extensively used and is simply a d 
for combining signals without allowing any interference betwe 
sources, Fig. 6(c). 


(3.4) Sealed Reed Relays 


A sealed reed relay has been used in places where trans! 
are unsuitable. This relay consists of two nickel-iron reeds. 
gold-plated contacts, sealed in a glass tube. It is closed wk 
current flows in a coil surrounding the tube, this energ 
current being switched by a transistor. These relays are 
for switching bridge circuits, especially if a screened-co 
switch is required. They can also be used to switch vol 
too large for present-day transistors. 


+!2V 


{INPUT | 
INPUT 2 
INPUT 3 OUTPUT 

(a) 

INPUTS 
' 
\ CONTROL 

(5) 
INPUT | 
INPUT 2 

OUTPUT 

INPUT 3 

(C) 


-6V 


Fig. 6.—Gate circuits. 
(a) ‘And’ gate. 
(b) 5-wire gate. 
(c) ‘Or’ gate. 


| (3.5) Stores 


3oth the bridge information and the number of the magazine 
itaining the required components have to be stored. The 
idge store consists of toggle circuits arranged in groups of 
i for storing the 5-unit characters as they are fed in from 
» paper tape. The toggles are set up according to the pattern 
jholes in the tape. The tape information is routed to each 
bup of toggles in turn by means of diode gates, as previously 
scribed. After the test has been performed and the component 
septed as satisfactory, the store is cleared by applying a control 
tential to the ‘reset’ inputs of all toggles so that the next 
obe pulse will change them to the ‘reset’ state. 


(3.6) The Control Timing Cycle 


lm order to provide strobe pulses and tape-reader drive pulses 
rectly spaced in time, a clock consisting of a number of mono- 
ble circuits is used. Fig. 7 shows these circuits arranged in a 
g so that a continuous train of pulses can be obtained from 
y point. On removing the potential from control 1, the ring 
broken and the operation stops. It can be restarted by 
olying a potential to control 2 and injecting a ‘start’ pulse, 
tinuous cycling being maintained by the re-application of the 
tential to control 1. Two tape-reader drive pulses, A and B, 
, Shown in Fig. 7, separated in time by 10millisec. Pulse A 
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CONTROL. 
2 


30mS 


O 20 40 60 80 100 120 140 


mS 


Fig. 7.—Control timing cycle. 


causes the tape-reader drive fingers to engage with the tape and 
pulse B causes forward movement. The termination of A causes 
disengagement from the tape and termination of B causes the 
return of the driver. Having moved the tape on by one 
character, the ‘peckers’, or contacts, are given time to settle 
down before the strobe pulse causes the new character to be read. 

The tape-reader mechanism is operated by electromagnets 
which are energized by transistor-controlled current pulses, as 
shown in Fig. 8. As considerable power is necessary to drive 
the tape-reader magnets, several stages of current gain have 
been used. 


+12V 
=i 


+10V 


VT8 


TR. 
MAGNET _ 


Rog 


INPUT PULSE 


4 
oo 
-6V 

Fig. 8.—Tape-reader drive circuit. 

R17, R19 10kQ R23 10Q 

R18 1kQ R24 750 

R20 3:9kQ VT5, VI6 OC71 

R21 2:2kQ VI7 OC72 

R22 22kQ VT8 OCI6 
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(3.7) The Translator 


The tape codes shown in Table 1 are used directly by the 
bridges but require translation to a series of single-wire outputs 
for use in bridge selection, magazine selection, etc. Translation 
is performed by a diode matrix, as shown in Fig. 9. According 
to the state of the tape-reader contacts, various combinations 
of high and low potentials (1’s and 0’s) are applied to lines 1 
to 5. By means of five transistor inverters (only one is shown) 
the inverse combinations are applied to lines 6 to 10. The 
outputs A to H are effectively the outputs of ‘and’ gates and 


INVERTER 


OUTPUTS 
Fig. 9.—Translator matrix. 
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each gate will give a positive output when, and only when, 
corresponding input combination is applied. 


(3.8) Interconnections 


The output from the tape reader is connected permanently 
the input of the translator. The tape information is theref 
available at all times in 5-wire code and single-wire form. 
previously explained, a series of 5-wire gates are used to ro 
information to the bridge store. Each gate is opened and s| 
by its particular control toggle. The bridge prefix code alrez 
mentioned gives an output from the translator which is used 
cause the several gate-control toggles to operate in sequence ¢ 
so to read each character into the appropriate part of the st 
Similarly, another prefix causes the magazine information (al 
translation) to be stored. 

Information regarding the progress of components through 
test machine is given by a number of photo-transistor opt 
detectors, this information being used in conjunction with di 
logic circuits and monostable toggles to control the timing 
the individual events in the testing cycle. 

Finally, two toggles, which are set according to the result of 
test (i.e. ‘pass’ or ‘reject’), are used to drive, by means of ami 
fiers similar to that of Fig. 8, the solenoids controlling the ‘p: 
gate and ‘reject’ trap. 


(4) COMPONENTS AND TESTS 


The present transport system will not allow very small 
very large components to be handled, but resistors of + ¥ 
and larger and paper capacitors up to 0-25 pF are possi 
Improvements in the transport system and re-designed test 
would increase this range. 

A simplified diagram of a capacitance bridge is shown 
Fig. 10. This differs from normal bridges by having all switch 
operations performed by reed relays and having standa 
arranged in binary decades. Thus the value of capacitance 
be measured is set up on the standards in binary decimal fc 
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Fig. 10.—Simplified circuit of capacitance bridge. 
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rectly from the third and fourth characters of the block of 
formation supplied by the tape, the appropriate range switch 
hing set according to the second character of the block of 
formation. An example of this coding is given in Section 2.2. 
he bridge output is amplified and passed through a switched 
{tenuator, the value of which is set by the tolerance information 
ffth character). With a given deviation of component value 
om nominal the rectified bridge-output signal is arranged to 
tt the state of a Schmitt trigger circuit. 

'The resistance bridge is similar to the capacitance bridge, but 
le standards consist of a series chain of resistors with switches 
tross them, these being opened according to the resistance value 
(pplied by the tape. 

‘Values catered for by these bridges are 100 ohms to 100 kilohms 
id 0-001 to 10 uF. 


(5) SPEED AND RELIABILITY 


‘The testing machine is part of a component assembly plant 
tpable of handling many thousands of components a day. It 
‘therefore essential that both speed and reliability shall be fully 
fequate. In fact, the testing time is only a few milliseconds 
id consists mainly of the time required for the test clips to 
ime into contact with the component. The main restriction is 
the time of transport of the components and this limits the 
te of component store that can be used, owing to the increased 
Stance to be covered with larger stores. In practice, the time 
T component transport and testing has been arranged to be 
ss than the cycle time of the component assembly machine. 
‘ith this restriction a store for 50 component types has been 
hieved. 

‘Occasionally, owing to dirt on the leads or other causes, bad 
ntact is made by the test clips on to the component. When 
is happens the component is automatically rejected and a fresh 


| 
| 


DISCUSSION BEFORE THE MEASUREMENT 


‘Mr. J. A. Sargrove: I was concerned in the development of 
\ earlier automatic component-testing equipment (Acte) which 
is designed with relay-operated logic since at that time tran- 
itors were less reliable than they are now. Its purpose was 
‘evaluate 2-terminal components for type approval after very 
curate life testing.* 

In this machine there is a large jig for the 1000 components 
d 100 motorized 10-way switches which constitute one large 
‘00-way 2-pole switch. This- enables the loading and/or 
tasuring circuits to be connected to each component in turn, 
: value being measured and recorded. 


The other 999 components not being measured at the time 
f continue to be loaded with alternating current so that their 
ibient temperature conditions do not materially alter while 
'€ individual component is being tested. 
There are built-in bridges and an unusual 1 000-chart recorder, 
th chart displaying the sorted information on the life history 
each component. 
There is the usual logical system for operation and interpreta- 
n of the results, all circuits being constructed with thermionic 
ves and relays. 
| believe that Acte was the first punched-tape-command- 
itrolled testing machine built. The purpose of this method 
command is to pre-programme automatically, say, 100 days 
life testing. Commands for all sorts“of climatic cycles can 
punched and the climate-producing equipment (heaters, 
tigerators, humidifiers, etc.) are made to change or maintain 
desired environmental condition within the testing cubicle 
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one is called up. Reliability is of a high order at the cost of the 
occasional rejection of a good component. 


(6) CONCLUSIONS 


The need for flexibility has been fully substantiated and the 
use of a paper-tape programme to achieve this has proved an 
economical solution to the problems involved. Even so, a con- 
siderable quantity of information must be stored and logically 
processed for the operation of this machine. In the interests of 
reliability and freedom from maintenance it was decided that 
the minimum number of moving parts would be used, and results 
with the experimental machine fully confirm this decision. The 
use of strobed-toggle techniques to read and store information 
and diode gates to direct operating signals to the various parts 
of the machine has also been found to be both reliable and 
flexible. It has been possible to get the whole of the control 
and logic into a volume less than 1 ft?. Relays of conventional 
design were considered for the logic circuits but were rejectedi 
on grounds of bulk and the number of contacts involved. In 
those places where metallic contacts could not be avoided, such 
as the test bridges, sealed reed relays have been used with com-~ 
plete success. These relays are reliable, have a long life and cam 
be driven from transistor circuits. The combination of tran- 
sistors, diodes and reed switches has been found very suitable 
for this type of programmed testing equipment, being robust, 
reliable, easily maintained and capable of rapid modification 
when required, 
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without the need for human intervention. This liberates 
scientific personnel for more important work. 

The film ‘First Automatic Factory’ (made in 1947) shows a 
high-speed (five per second) hopper and inspection and pass- 
reject sorting system. A noteworthy feature is the use of a 
statistical method of automatically orienting the asymmetrical 
component automatically in the inspection station. This was 
well before its time, and even now it is seen but rarely. It is 
worthy of further development as being capable of helping many 
automation schemes. 

Mr. F. G. Swift: At first consideration, a printed-wiring 
board is only an alternative form of wiring. Its true virtue, 
however, lies in promoting a new form of assembly. This 
opens the way to a radical change in the whole conception of 
design, manufacture, inspection, production control, presentation 
of engineering information, ordering, stocktaking, and accoun- 
tancy. All these can now be integrated by common-based data 
and the gains stemming from such an integrated manufacture 
are very considerable compared with those due to printed wiring 
considered only as an alternative form of wiring. 

Consider, for instance, the production of engineering informa- 


tion. ‘Two-dimensional printed-wiring boards designed for auto- 
matic component insertion demand the adoption of modular 
principles of layout. 
terminals and fixings together with board dimensions can be 
stated modularly, dimensionally accurate drafting is not required 
and the demands on a drawing office in terms of skill and effort 
can be reduced or, indeed, removed entirely by the adoption of 
photographic techniques, or by a simple tabulation of co-ordinate 
points, clerical fashion or as holes in a tape. 


If the co-ordinate points of component 
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Tape control of manufacture and inspection provides as a 
by-product data in a form ready for processing. Exploiting this 
to the full, production control and costing is presented with a 
new and powerful tool. 

Will the authors amplify their reasons for adopting sequential 
reading of information within a block, and stores and logic 
circuits, when the results could be achieved by reading a static 
block of information directly from the tape via relays? 

In the bridge measurements, a null balance is not obtained 
but the level of the out-of-balance signal is related to the 
deviation from nominal of the component value. Will the 
authors describe the steps taken to stabilize this relationship ? 

Mr. A. H. Coppard: Are the authors going to make any pro- 
vision for testing transistors, since the machine seems rather 
limited owing to the lack of that facility ? 

Is any trouble experienced due to contact resistance on the 
clips, which could cause resistances having a low negative 
tolerance to be passed? Finally, can a bad power factor in a 
condenser affect the measurement of its capacitance owing to the 
alteration of the unbalance signal by the in-phase component, 
and thus permit condensers which are out of tolerance to be 
passed ? 

Mr. W. Fordham Cooper: Some attention must be given to the 
diagnosis of faults, possibly after a substantial period of use. 
In the past, if a component gave trouble one was able to refer to 
a still legible record in the drawing office. The idea of having 
to refer to a punched tape which is in several parts is rather 
daunting. An apparatus can function correctly for quite a 
jong time and then fail in an emergency because of an undetected 
error in the connections, or of an unsuitable or inaccurate 
component. There may also be a minor but fundamental 
mistake in detail of the design. With automatic selection and 
assembly of components everything depends on the punched 
tape. It is possible to guard against fingering errors in typing 
by duplicating the work and checking one tape against another, 
but there is still the possibility that the engineer may have made 
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a slight error in the programme, and an error on a punche 
tape would not be nearly so obvious as an error in a drawing 
In a recent conversation with young engineers responsible fo 
development of logical circuits, they could very easily tell m 
what would go right, but I was left in considerable doubt whethe 
they had thought sufficiently deeply about what could go wrong 
This is, in fact, a very much more difficult problem in cireui 
design. | 
The arrangement of the apparatus we have seen may not’ 
the best for more complicated assemblies, and the authors wi 
find, when they come to designing machines for such purp: 
that it would be better to test the components separately at 
magazine before they reach the assembly line, rather than havi 
one test point carrying out a number of different tests accordin 
to signalled instructions. I think that the best arrangemen 
however, would be for tests to be carried out as the magazine 
are being charged, with only an approximate check test befor 
assembly, not to ensure that the individual component is of thi 
right magnitude, but merely to check that it has come from th 
right magazine. This follows what is, I think, an importan 
principle in sequential design, namely that all checks an: 
measurements should be made at the earliest, rather than th 
latest, convenient stage. This greatly simplifies logical desig: 
and layout and is of importance in designing servo mechanism 
and control systems. | 


Mr. J. K. Webb: Fears about the effects of human program 
ming errors have been expressed, and it should be realized tha 
these arise in all data-processing systems. The present syster 
appears to be a relatively simple one and such errors should ne 
give much trouble if the usual precautions are taken. It ha 
been found that, with two trained girl operators employed t 
punch and verify tape, the residual error rate is only about 1 i 
30000. Special programming techniques can be evolved fo 
dealing with the majority of these residual errors, and what sti 
remain can usually be coped with by a little common sense 0: 
the part of the supervisors. | 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Messrs. T. C. Cardwell, J. R. W. Smith and G. H. King (in 
reply): We find ourselves in substantial agreement with Mr. Swift. 
To gain the maximum advantage from the introduction of tape- 
controlled machines requires considerable re-thinking and 
changes to all parts of the production and design organizations. 
Our choice of a tape reader was decided partly by the lack of a 
proven block reader, and partly by the limitations inherent in 
the fixed block length associated with such readers. The total 
information concerning one component cannot be contained 
within the available space of known block readers, and the need 
to allow for addition to or reduction of the information required 
dictates the use of a flexible system which the block reader cannot 
provide. 

The method of using a bridge in an out-of-balance manner is 
not satisfactory without careful stabilizing of the oscillator out- 
put amplitude. We no longer use this method but prefer a 
digitally balanced bridge giving a near-null final setting. In this 
case a phase-sensitive detector is used and signal amplitudes are 
not so important. This obviates the problem mentioned by 
Mr. Coppard regarding wrong test decisions being taken on 
capacitors with bad power factors. Also in answer to Mr. 


Coppard, the assembly machine used in conjunction with compe 
nent selection and testing equipment does not insert transistor 
and consequently the provision of transistor test equipment di 
not arise. The adequate testing of transistors is, howevel 
another field in which automatic methods can be of considerab! 
value and we are currently engaged on such work. 

Mr. Cooper has made some very interesting points, especial 
regarding the assembly of circuits containing slight inaccuracit 
of design. In our view this is adequate justification for leavin 
the accurate measurement of component values until the late: 
convenient stage, provided that a record of the actual value « 
each component in a specific board is made. This is a powerfi 
tool for use during the development and early production stag 
of a circuit. 

Some of Mr. Cooper’s comments on tape errors are answere 
by Mr. Webb. However, we may add that the codes have bee 
carefully chosen so that, when the tape is printed out by meat 
of a teleprinter, the record obtained is easy to read. Experienc 
with tape tends to convince us that it is in fact easier to chec 
tapes, using the tape comparison methods now available, tha 


to compare a printed record or drawing directly. 
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SUMMARY 

| Techniques at present in use for the recording of single-shot pheno- 
mena by cathode-ray oscillographs are reviewed. Cathode-ray tubes 
are discussed, with particular attention to the conflicting requirements 
of high writing speed, wide bandwidth and high sensitivity. These 
fequirements can be met to a large extent by the use of very small 
spot size and travelling-wave techniques. An account is given also 
df associated circuits including high-speed time-bases, amplifiers and 
alibration equipment. 

/ 


| d) INTRODUCTION 

| The problems associated with high-speed recording by a 
tathode-ray oscillograph are particularly acute for single-shot 
phenomena, since the oscillograph must possess a very high 
writing speed. Measures taken to increase the writing speed 
usually result in a loss of deflection sensitivity, making the ampli- 
fier problem particularly difficult when high sensitivity and wide 
bandwidth are required. Sampling techniques cannot be used 
to solve this problem. The methods at present in use for 
tecording single-shot high-speed transients are discussed in this 
paper, particular attention being given to the conflicting problems 
of high writing speed, wide bandwidth and high sensitivity. A 
Greater emphasis has been placed on sealed oscillograph tubes 
than on continuously evacuated tubes, since the former are far 
More convenient to use in recording systems and are now being 
produced with very high writing speeds. Complete recording 
systems are not considered, since these depend on the particular 
application. However, the design and performance of many of 
the individual units of the recording systems are considered, 
including amplifiers, time-bases, time calibrators and pulse 
penerators. The application of direct-viewing storage oscillo- 
graphs has not been included, being at the present time restricted 
to writing speeds of 10° trace widths per second or less. 


(2) CATHODE-RAY TUBES 
(2.1) Factors Governing Spot Size 


The cathode-ray tube (c.r.t.) is the principal component of an 
Oscillograph, and sets a limit to the overall performance that is 
possible. For repetitive phenomena, measurements can often 
be made directly on the tube face using a graticule, but for 
single-shot phenomena the trace must be recorded photo- 
graphically. In this case the physical size of the recording area 
is unimportant over a wide range, provided that adequate 
resolution can be achieved. The resolution depends on the 
Maximum number of traces which can be contained in a hori- 
zontal or vertical direction within the recording area, such that 
each trace can just be distinguished from the next. Normally 
at least 100 trace widths are required in each direction. Trace 
width is a function of both spot size and trace speed, whilst spot 
size is dependent on beam current. The size of the record can 
be adjusted by altering the magnification of the lens, or by 
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enlarging after development. A limit is reached when the spot 
size becomes comparable with the finite grain sizes of the 
phosphor and photographic emulsion, and with the resolution 
of the lens. This limit is normally approached at spot diameters 
of about 25. 

The design of cathode-ray tubes with very small spot size has 
been considered in detail by Haine and Jervis.!_ A higher deflec- 
tion sensitivity can be achieved, as defined in terms of volts per 
trace width. Also an improvement can be obtained in the maxi- 
mum writing speed of the tube, defined in terms of the maximum 
number of trace widths which can be recorded per second for a 
given optical system and film. Examples of oscillographs with 
very small spot sizes are Lee’s micro-oscillograph,? Haine and 
Jervis’s demountable oscillograph? and the sealed K.R.3 
travelling-wave c.r.t.4.> These have spot sizes quoted as 10, 
40 and 38 respectively. It is significant that all employ 
electromagnetic focusing, and that in two cases the focusing 
lens is situated well forward in the vicinity of, or even beyond, 
the deflection system. 


(2.2) Factors governing Maximum Writing Speed 


The maximum writing speed of a display system is of funda- 
mental importance for high-speed recording. It depends mainly 
on the energy of the beam, the current density of the spot, the 
type of phosphor, the efficiency of the optical system (if any) 
and the nature of the emulsion. The last two factors are con- 
sidered in Section 3, but it should be pointed out that they are 
interdependent to some extent. Factors affecting current 
density are considered by Haine and Jervis.1 High current 
density requires high beam current and small spot size, and it is 
current density which accounts for the difference in writing 
speed between available high-sensitivity tubes and those of 
moderate sensitivity using the same phosphor and high-voltage 
supply (e.h.t.) (cf. tubes A and B, Table 1). Whilst there is an 
appreciable difference in sensitivity between these two types of 
tube in terms of volts per centimetre, the difference is less 
marked in terms of volts per trace width. Furthermore, the 
size of the recording area in terms of trace widths is greater in 
tube B. 

The maximum writing speed of a c.r.t. increases with the 
energy of the beam, i.e. with the overall e.h.t., although the 
relationship is not linear because the phosphor efficiency also 
increases with e.h.t.© In order to avoid low deflection sensiti- 
vities resulting from the high overall potentials, most high-speed 
c.r.t.’s employ post-deflection accelerators (p.d.a.’s), so that the 
potential at the point of deflection relative to the cathode is 
much lower than the overall potential. The accelerators are 
usually in the form of bands round the bulb of the c.r.t. for low 
p.d.a. ratios (defined as the ratio e.h.t./gun potential). For high 
p.d.a. ratios it is necessary to use a spiral or graded p.d.a. to 
avoid raster distortion. At least one type of cathode-ray tube 
has been developed with a p.d.a. ratio as high as 15:1. This 
uses a screen to prevent penetration of the field of the p.d.a. 
into the deflection system, which would result in severe raster 


_ Written contributions on papers published without being read at meetings are distortion. In general, an overall e.h.t. of at least 10kV is 
invited for consideration with a view to publication. * 
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Finally, the maximum writing speed of the c.r.t. is dependent 
on the type of phosphor used. The efficiency of the phosphor 
is affected by the energy of the beam, and two phosphors of 
equal sensitivity at a given potential may be quite different in 
sensitivity at other potentials. The relative efficiency of two 
phosphors is also dependent on the speed of the transient when 
the duration of the excitation pulse is much less than the decay- 
constant of the phosphor. This is considered by Feinberg,’ 
who shows that the efficiency falls as a result of the significance 
of non-radiative dissipation of energy at high spot velocities. 
Another important factor in the choice of phosphor is in match- 
ing its spectral response to that of the emulsion. This means in 
general that a blue or green phosphor is required. The blue P11 
silver-activated zinc-sulphide screen with a short decay-constant 
is widely employed, being in general superior to the green P1 
manganese-activated zinc-silicate phosphor. The efficiency of 
a phosphor is dependent on its preparation and also on the sub- 
sequent c.r.t. manufacturing history. Most phosphors are 
backed by a thin film of aluminium to increase the forward 
efficiency, to prevent damage to the phosphor by positive ions 
and to provide a low-impedance return path for the electrons. 


(2.3) Bandwidth of Deflection System 


Another important factor in a high-speed c.r.t. is the band- 
width of the Y-deflection system. When simple deflector plates 
are used the finite transit time of the beam through the plates 
results in a loss of sensitivity at high frequencies, due to the 
change in phase of the signal. This is considered in detail by 


Lewis and Wells,® who show that the sensitivity is reduced in the 
ratio 
sin twt, 
Zot, 
where t, = Transit time of beam through the plates. 


w = 27 X signal frequency (f). 


The —3 dB point occurs at ft, = 0-422, so that for ¢, = 1 nano- 
sec (4 cm long plates with 5 kV on gun), f = 422 Me/s. 

The series inductance of leads and the internal capacitance also 
limit the high-frequency response by forming a tuned circuit, 
the resonant frequency of which is often called the ‘plate ringing 
frequency’. This is also considered by Lewis and Wells, although 
the circuit cannot always be treated as consisting of a single 
inductance and a single capacitance in series. For wide band- 
width it is essential that the transit time, and the inductance and 
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capacitance of the plates and connecting leads, should be ke 
as small as possible. Lee? carried this to an extreme by usii 
a very high voltage (SOkV),-short plates (0-2in long), at 
coaxial connections. He estimated the bandwidth of the syste 
to be approaching 10Gc/s. In spite of the high voltage ai 
short plates the sensitivity was 10 volts per trace width, which 
comparable with more conventional tubes (type B, Table 1). 
By combining micro-oscillograph techniques with travellin 
wave deflection systems, very wide bandwidths may be achiev 
coupled with high sensitivity. The KR3 travelling-wave c.r 
(Fig. 1), made by Edgerton, Germeshausen and Grier of Bosto 


Fig. 1.—The KR3 travelling-wave cathode-ray tube. 


Mass., has a bandwidth of 2 Gc/s with a sensitivity of 30n 
for a deflection of one trace width (0:0015 in). A descripti 
of the early development is given by Germeshausen ef al.4 T 
travelling-wave deflection assembly (Fig. 2) contains two defi 
tion lines, each consisting of a flat helical conductor wound 
insulators supported by a central earthed metallic strip. T 
beam passes between the two helices, and each alternate he 
turn of each helix acts as a separate deflector plate of very shi 
transit time, namely 0-1 nanosec. The velocity of the sig} 
down each deflector line is matched to the velocity of the bea 
and the effective transit time of the deflector line corresponds 
that of the single turn. Thus long lines can be used, and si 
a very small spot diameter has been achieved, the result: 
sensitivity is high. The helices are matched in characteris 
impedance to external coaxial cables, and the signal may be | 
through them to other equipment if required. Wider bat 
widths have been achieved with other, though less sensiti 


Table 1 
Cathode-ray tube type 
Details 

A* B VCRX 434 Demountable TW11 (Ref. 9) KR3 
E.H.T. on gun, kV ae as 2 5 7:5 40 10 4 
Overall e.h.t., kV’ Ne 44 10 10 30 40 35 22 
Method of focusing Electrostatic Electrostatic Electrostatic | Electromagnetic | Electromagnetic | Electromagnet 
Trace width, mm : 0:33 0-33 0-04 0-10 0-038 
Phosphor .. : Pil Pil or Pll Pit None Pil Pit 
Max. writing speed, trace- 2 x 109 2 x 1010 2 x 1011 5 x 1012 3-5 x 1011 1011 

width/sec 

Y-sensitivity, volts/trace-width .. 0:35 1:5 1:8 Not given 0:46 0-03 
X-sensitivity, volts/trace width .. 1°5 2:0 2-0 2-0 0-80 0-20 
Y-plate ringing frequency, Mc/s 400 440 700 _— ae — 
Y-plate transit time, nanosec 1:9 0-9 0:6 a 0-086/turn 0-1/turn 
Bandwidth, t:w. system, Mc/s . — — — 10000* approx. 3000 2.000 
Impedance, t.w. system, ohms .. — = — — 125 120 
Max. Y-deflection, trace-widths 80 300 200 Not given 340 270 
Max. X-deflection, trace widths 200 300 200 Not given 1000 400 


* Estimated bandwidth at 30 kV when using parallel-wire deflection system. 
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as oe 
Fig. 2.—Deflection assembly of KR3 tube. 


Fig. 3.—Pulse displayed on KR3 tube. 


travelling-wave tubes.9 Fig. 3 shows the pulse from a relay 
pulse generator displayed on a KR3 travelling-wave c.r.t. using 
poupling cables with a delay of 30 nanosec. The calibration 
waveform is 300 Mc/s, from which it can be seen that the pulse 
tecorded has a fast edge of about 0-5 nanosec. The slow rise 
following the fast edge is believed to be a function of the coupling 
cables, 

| The signal to be displayed does not always require an oscillo- 
graph of high sensitivity. Advantage can then be taken of using 
4 very high accelerating potential for the c.r.t., thus increasing 
the writing speed. Furthermore the length of the deflector 
plates may be reduced appreciably in order to reduce transit 
time. In the limit a parallel-wire deflection system at right 
Angles to the beam may be used.!° This has the advantage of 
wide-band transmission characteristics as well'as very low 
transit time. As the pulse potential is increased still further 
some form of high-voltage divider becomes necessary. These 
are often of a resistance-capacitance form, or a pure capacitance 
form, and have been considered in detail by Howard.!! Dividers 
of the capacitance type may be incorporated inside the c.r.t., 
and a c.r.t. suitable for the display of 100 kV pulses has been 
described.!? 


(2.4) Spiral-Trace Oscillograph Tubes 


When high timing accuracy is required, the length of a single 
trace may not be sufficient in terms of trace widths, since measure- 
ments can only be made to an accuracy of about one-quarter 
of a trace width. A raster type of display may be used to 
increase the total length of the trace. Alternatively a spiral 
trace may be employed. Special c.r.t.’s have been developed for 
this purpose, such as the G.E.C. type 1358B, in which the X- 
and Y-plates are both used as time-base plates and radial deflec- 
tion is achieved by applying the signal between a cone mounted 
on the faceplate and a conductive coating on the side of the bulb. 
Displays of this type have been designed at the Atomic Weapons 
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Research Establishment (A.W.R.E.) with up to 20 turns in the 
recording area, giving a maximum trace length of about 500 cm 
(15 000 trace widths). 


(2.5) Currently Available Cathode-Ray Tubes 


Table 1 gives a comparison between some currently available 
c.r.t.’s. It will be noticed that sensitivity is given in terms of 
volts/trace-width. This is sometimes called the ‘sensibility’ or 
‘figure of merit’ of the c.r.t. Examples of tubes having a per- 
formance similar to type A are: Tektronix type T54P11 and 
G.E.C. type S5BHP11. Examples of type B are: 20th Century 
Electronics type SSAB/123 (P11 phosphor) and Electronic Tubes 
type S5BVPi (P1 phosphor). At the time of writing several 
manufacturers are developing c.r.t.’s of comparable writing speed 
and sensitivity to the VCRX434 and with similar e.h.t. require- 
ments. The demountable tube of Haines and Jervis? is given 
for comparison. The writing speeds given should be taken only 
as a guide, since they do not refer to the same recording system 
in each case. The figure given for types A, B and the VCRX434 
apply for a Wray F/1 lens and R60 or HPS film. 


(3) PHOTOGRAPHIC RECORDING®: 13, 14 


(3.1) Choice of Lens 


The camera, together with its associated lens and. recording 
film, is an important component of the recording system. The 
design of the lens is of particular importance, since it can affect 
the resolution and maximum writing speed of the system, and 
can introduce pattern distortion. It must have a short focal 
length for compactness, and also a wide aperture for high-speed 
recording, i.e. a low f-number. The effective aperture of the 
lens is given by (f/d)(m + 1), where f is the focal length, d 
the effective diameter and m the magnification of the lens. Thus 
m should be as small as possible, although little will be gained by 
reducing it below 4. Furthermore, large reduction ratios may 
result in the resolution being impaired by the grain size of the 
emulsion. The Wray f/1 copying lens is used extensively for 
high-speed recording. This lens is designed for a fixed magni- 
fication of 4+, and thus has an effective aperture of f/1-25; it 
has a focal length of 2in, and is bloomed for blue-green light; 
it is suitable for a recording area of 4in diameter, using 35mm 
film. Tests at A.W.R.E. have shown that the lens is capable of 
resolving lines spaced 0:002in apart. Germeshausen et al.* 
recommend the use of a 1 : 1 optical system for c.r.t.’s with very 
small trace widths, such as the KR3. Two Dalmeyer //1-5 
lenses may be used in tandem to give an effective aperture of 
f/1-:5 at a magnification of unity. The resolution and trans- 
mission are satisfactory only over a very restricted area (about 
4in diameter), but this is sufficient for the KR3 tube, which 
has a small recording area. Very good results have been 
obtained over a similar area using two Canon f/1-2 lenses in 
tandem at a magnification of unity. For general purposes, when 
maximum speed is not required, the Wray f/2 lens has been 
found to be very versatile. It is satisfactory over a wide range 
of magnification, and the depth of focus is much less critical 
than with the Wray f/1, since the ratio of the effective lens 
diameters is 1 : 2:9. The depth of focus is obviously a function 
also of trace width, since a greater degree of defocusing can be 
permitted for a wide trace than for a narrow one. Taking the 
maximum permissible diameter of the spot produced on a film by 
a point source on the phosphor to be one-quarter of a trace 
width, the depth of focus is equal to ub/2d, where 


u = Distance of c.r.t. phosphor to front node of lens. 
b = Trace width. 
d= Effective diameter of lens. 
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With a Wray f/1 lens the depth of focus is thus (9-2/4)0°33 mm, 
i.e. 0-76mm for a trace width of 0:33mm, and only 0:09mm 
for a trace width of 0-038 mm. 


(3.2) Choice of Film 


There are a number of factors governing the choice of suitable 
photographic emulsion. Hopkinson® has pointed out that two 
emulsions which have identical sensitivity under steady con- 
ditions may have quite different sensitivities for transients of 
short duration. Also, as stated previously, the spectral response 
of the phosphor and emulsion should be matched as far as 
possible. This is more likely to govern the choice of phosphor, 
since for all photographic emulsions the spectral sensitivity is 
greatest at the blue and violet end of the spectrum. Kodak R60 
and Ilford HPS film developed for maximum contrast with 
Kodak D19B or Ilford ID19 developer are both satisfactory for 
high-speed recording. Recent tests using Agfa Record film in 
conjunction with May and Baker’s Pentalex developer have been 
very promising. When maximum speed is not required, a lower- 
speed film with finer grain is preferable. 


(3.3) Cameras 


The choice of camera will depend on many factors. When 
single transients are to be recorded in a laboratory, plate cameras 
may be preferred, since there is no possibility of the size of the 
record being altered during processing or storage. For most 
purposes, single-shot or continuous-feed cameras using 35mm 
film are satisfactory. Continuous-feed cameras may be obtained 
covering a wide range of speeds. At higher speeds it is important 
that the film does not move more than one-quarter of a trace 
width during the decay time of the phosphor. 


(4) LINEAR AMPLIFIERS AND ATTENUATORS 


(4.1) Cascade Amplifiers!> 


The design of amplifiers for high-speed transients has received 
much attention during recent years. The complexity of the 
amplifier required to feed the deflection system of an oscillo- 
graph will depend on three main factors, namely bandwidth (or 
rise time), output voltage and gain. For moderate speeds, 
cascade amplifiers can be designed using valves possessing a high 
‘figure of merit’. This is a measure of the quality of the valve 
for high-frequency operation and may be interpreted as the 
frequency at which the gain is unity when the input capacitance 
C, and output capacitance C, form the load. The figure of 
merit is therefore given by g,,/27(C, + C,), where g,, is the 
mutual conductance of the valve. There have been substantial 
advances in the production of suitable valves in recent years, 
using fine grid wires and close cathode-grid spacing.!© A 
number of manufacturers are producing valves with figures of 
merit of at least 200Mc/s, and there are several types of 
secondary-emission valve which have figures of merit of this 
order. The combination of the modern close-spaced valve as 
a primary stage with at least one stage of secondary emission 
would result in even higher values. The gain-bandwidth product 
of a stage is constant for a given form of coupling, and for a 
simple resistive load this product is equal to g,,/27Cr, where Cr 
is the total shunt stray capacitance. Let this value be repre- 
sented by B. Compensation circuits may be used to improve 
the gain-bandwidth product, and by using valves with equal 
input and output capacitances, constant-K low-pass filters may 
be used to couple stages together.!7 The maximum product 
that can be achieved theoretically is 4B, although in practice a 
value of 2:8B represents a realistic maximum. Unfortunately 
these circuits are very critical in the distribution of the stray 
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capacitance. It is therefore more common to use some simp} 
form of high-frequency compensation, such as the insertion | 
an inductance in series with the load resistor. The gaij 
bandwidth product for this simple circuit is about 1-5B fj 
critical damping. It should be noted that the use of feedbac| 
such as in cathode compensating circuits, does not improve t} 
gain-bandwidth product. From the above it will be seen th 
low-level cascade amplifiers with bandwidths of 100 Mc/s al 
feasible. However, many c.r.t.’s require about 200 volts to gil 
a deflection of 100 trace widths. This means that if the tof 
output capacitance is 20pF, then for a rise time of 10 nanos| 
the output valve must pass a current of at least 0-4amp | 
order to charge the capacitance alone. If the valve is requir} 
to amplify information of either polarity the quiescent c | 
and power dissipation will be too high for existing wide-bai 
valves, even if a push-pull system is adopted. For informati¢ 
of one polarity only, the output valve may be driven positi, 
from a low quiescent current, using feedback to linearize t! 
amplitude response. Secondary-emission valves may be used 
give a symmetrical output, and may also be used in the precedii 
stages, coupling from dynode to grid to avoid phase inversio 
All valves can then be operated at high electrode potentials al 
low steady currents, so that they can deliver large current ai 
voltage pulses. An amplifier of this type has been designed wi 
an output of 300 volts, a gain of 300 and a rise time of und 
20 nanosec for a mean h.t. current drain of only 80mA. 

For very-high-speed single-shot transients, the use of pre-pul 
techniques may be considered.!8» 19 This method requires t 
application of a pre-pulse of about S50 microsec prior to 
signal in order to switch the amplifying valves into conditions 
high current and high voltage. The increase of current at 
potential results in a substantial increase in figure of merit | 
the type of valve used (type EFP60), owing to an increase | 
mutual conductance from 23 mA/volt under normal conditio’ 
to 130mA/volt under pulse conditions. As a result it is possit 
to design very linear cascade amplifiers with wide bandwidt 
and high output voltages. For example, one amplifier has 
bandwidth of 140 Mc/s and an output of 300 volts peak-to-pez 
for a sine wave input of 1 volt peak-to-peak. It uses only fo’ 
amplifying valves. Wider bandwidths can be achieved for low 
output swings. 


(4.2) Distributed Amplifiers 


It is standard practice to use distributed techniques wh« 
designing amplifiers of bandwidth in excess of 100 Mc/s, at 
distributed amplifiers are often used for output stages abo: 
30Mc/s. The design of such amplifiers has been considered 1 
many authors.’ 2% 2! When valves are connected directly 
parallel there is no increase in the figure of merit of the combin 
tion, since both the mutual conductance and stray capacitan 
are increased in proportion to the number of valves. Howeye 
by connecting the valves in such a way that the input and outp) 
capacitances form the shunt elements of two separate distribute 
lines, the bandwidth to a first order is dependent only on tl 
line parameters and not on the number of valves. Thus tl 
required gain may be achieved by connecting sufficient valves 
parallel, even if the required bandwidth exceeds the figure 
merit for each valve. Many types of line can be used, but tl 
one most commonly adopted is that shown in Fig. 4(a). It 
an m-derived transmission line with a series inductance L p 
section, shunt capacitance C per section (stray capacitance 
and mutual inductance M between adjacent sections. The u: 
of a suitable degree of mutual coupling between sections improv. 
the phase response of the line, and a virtually constant dele 
can be achieved for frequencies up to 0-6f,, where f, is the cut-o 
frequency of the line. 
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tT Fig. 4.—Distributed amplifier. 
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| (6) Equivalent circuit of m-derived line. 
| (c) Use of dummy sections. 
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Hs 
Fig. 4(6) shows the equivalent circuit of the line, with a negative 
mductance term in series with the shunt capacitance. Any 
ead inductance in series with the shunt capacitance will result in 
i reduction in the effective mutual inductance between sections 
and hence in a poorer phase response. It is sometimes possible 
fo increase the coefficient of coupling to compensate for this, 
{but as the bandwidth is increased the value of the line inductance 
becomes smaller and it may not be possible to obtain sufficient 
(mutual inductance to offset the lead inductance alone. When 
ithese conditions are approached, the use of a separate input 
and output lead to each electrode may be advantageous. In this 
|case the lead inductances are in series with the line inductance 
and not with the shunt capacitance. In the limit the line induc- 
tance of each section may consist solely of the inductance of 
ja single internal lead using dummy sections between the valves 
and a capacitance to earth at each electrode terminal [Fig. 4(0)]. 
The Westinghouse Company (U.S.A.) are advertising valves of 
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matchbox construction designed specifically for distributed ampli- 
fiers, which have input and output leads for each electrode 
brought out on opposite sides. Two amplifiers each with a 
gain of 3 have been built in A.W.R.E. using the above tech- 
niques. One of these uses experimental pentodes with two grid 
leads and two cathode leads. The other amplifier uses cascode- 
connected triodes, which have two grid leads and four cathode 
leads. In the grid Jines the series inductance consists solely of 
the stray inductance of the input and output grid leads with flat 
strips of low inductance connecting one valve to the next. The 
anode lines of these amplifiers have a bandwidth of 500 Mc/s, 
although the grid lines restrict the overall bandwidth to about 
360 Mc/s. The grid line usually presents the greatest design 
difficulty in a distributed amplifier, because of the attenuation 
produced at high frequencies by the input conductance of the 
valves, which is proportional to the square of the frequency over 
a wide range. Although there are methods for reducing this 
effect, such as the inclusion of an inductance in series with the 
screen lead or by use of negative feedback from the cathode, 
the number of valves and the complexity limit most amplifiers 
at the present day to an upper frequency limit of about 300 Mc/s. 
This is shown by a recent survey.22 At 200Mc/s, low-signal 
amplifiers can be designed with comparative ease, but the output 
stage is likely to present a considerable problem if linear outputs 
of about 200 volts are required, because of the high dissipation 
incurred. The use of a sensitive high-speed c.r.t. such as the 
KR3 is thus a great advantage, since it requires only about 
10 volts for full deflection. 


(4.3) Attenuators 


When the amplitude of the signal to be displayed is too large 
in comparison with the voltage required for full deflection, some 
form of attenuator will be required. A useful review of wide- 
band attenuators is given by Lewis and Wells.2 Wide-band fixed 
attenuators for insertion in low-impedance transmission lines are 
usually constructed from series rod and shunt disc elements 
mounted in coaxial. containers.27 As may be expected, the 
bandwidth that can be obtained with attenuators is far in 
excess of possible amplifier bandwidths. With reasonable care, 
fixed attenuators can be designed to cover a frequency range 
up to 1000 Mc/s. Switched attenuators are usually restricted to 
the order of a few hundred megacycles per second. 


(4.4) Coaxial Systems 


In many oscillographs where the time-base is triggered from 
the signal, it is necessary to insert delay in the signal channel to 
counter delays in the time-base and beam-brightening circuits. 
Sometimes there is sufficient delay in the amplifier (if used), but 
in many cases it is necessary to use delay cable. For oscillo- 
graphs with rise times exceeding 5Onanosec, delay cables with 
impedances of the order of 1000 ohms may be used to give 
delays of up to 1 microsec with little effect on pulse shape, 
provided that both ends are properly terminated. or very- 
high-speed recording the provision of a delay of only 100 nanosec 
by low-impedance cable can cause quite a serious distortion of 
the front edge of the pulse. This is illustrated by Fig. 5, which 
shows the front edge of a very fast pulse after transit through 
30 nanosec and 130nanosec cables. It is thus very important 
in transient-recording systems with rise times of nanosecond 
order to keep the length of cable in the recording channel to a 
minimum. A fact perhaps not generally realized is that the rise 
time introduced by a cable is proportional to the square of the 
cable length over a very wide range.2* The design of wide- 
band terminations is also important, and for a very-wide-band 
response it is necessary to make them form part of the coaxial 
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Fig. 5.—Pulse distortion caused by transit through cables. 


(a) 30 nanosec delay. 
(6) 130 nanosec delay. 


system. Film resistors of the rod type may be used as the inner 
conductor to form a termination. The outer conductor should 
then be tapered in the manner indicated by Fig. 6, so that the 
line impedance at any point matches the remaining resistance to 
earth. Elementary considerations indicate that the contour of 
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Fig. 6.—Coaxial termination. 


the outer conductor should follow an exponential law. How- 
ever, Harris*> has shown that the contour required is a tractrix, 
the difference arising from the fact that the wavefronts are not 
plane inside the termination. Tractrix terminations can be 
designed which are satisfactory from direct eurrent to 4000 Mc/s. 
However, the design is very difficult to manufacture accurately, 
and approximations to the tractrix can be used if a more restricted 
frequency range can be tolerated. Other components in the 
coaxial system, such as plugs and sockets, also require very 
careful design when the bandwidth exceeds 500 Mc/s. 


(4.5) Wide-Band Transformers 


A frequent requirement in a display system is to invert the 
signal, or to provide a balanced signal from an unbalanced one. 
Conventional pulse transformers may be used, but it is often very 
difficult to obtain at the same time both a’good low-frequency 
response and a good high-frequency response. This is because 
the leakage inductance and stray capacitance form a tuned circuit, 
and reduction of leakage inductance often entails reduction in 
primary inductance, or an increase in interwinding capacitance. 
Toroidal cores using very thin tape of high-permeability material 
are often used in such transformers to provide a high coupling 
coefficient. However, pulse inversion may be made in a coaxial 
system simply by breaking the cable and connecting the inner 
of each cable to the outer of the other. A balanced output can 
be achieved by feeding the signal from a cable of impedance 
Zp into two parallel cables each of impedance 2Z , using the 
inverting technique on one cable only. The above method of 
pulse inversion is suitable only when the duration of the pulse is 
shorter than the electrical length of the terminating cable, but if 
long cables are used the high-frequency response will suffer. 
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Furthermore, the system suffers from bad screening propertie 
Considerable refinements can be made to extend the frequens 
bandwidth and improve screening. In one system a quarte 
wavelength cavity is used which enables a good shield to |} 
employed without short-circuiting the signal. The low-frequen: 
response is governed by the inductance of the outer casit 
enclosing the cavity, and may be extended by loading the cavi 
with ferrite material;2© at the same time this broadens tl 
response of the cavity. Another technique?’ uses a twin-wi 
transmission line wound round a toroidal core of high pe 
meability. This device is really a transformer in which ft 
primary and secondary windings are bifilar, and in which t 
interwinding capacitance forms part of the transmission lin 
The high-frequency response is determined by the characteristi 
of the line, whilst the low-frequency response is governed by tl 
primary inductance asin anormal transformer. Either type 
transformer can be designed with a frequency response extendir 
from a few megacycles per second up to nearly 1000 Me; 
Recent developments in A.W.R.E. by H. T. V. Foster (not y 
published) have extended the frequency to 1500 Mc/s, with 
pulse droop of only 10% at 10 microsec. 


(5) WIDE-BAND LOGARITHMIC AMPLIFIERS 


Some display systems are required to cover a large dynam 
range. This may be achieved by using a multiplicity of line 
displays staggered in sensitivity. The number of displays m: 
be reduced if a logarithmic system is adopted in which fl 
amplitude of the signal recorded bears a logarithmic relationsh 
to the input signal. The signal amplitude on the face of tl 
c.r.t. can usually be measured to an accuracy of +4 trace widt 
ie. +0:25% for a deflection of 100 trace widths. For a redu 
tion in amplitude of one decade the accuracy is +2:5%; for 
reduction of two decades, +25%. However, although 
logarithmic system covering several decades will give a low 
accuracy at maximum deflection than a linear one, this accura: 
remains constant over the whole logarithmic range. It is feasib 
to design a logarithmic system with a maximum deflection | 
100 trace widths and covering 4 decades with a constant accura 
of +2:4%. Four linear displays would be required to cover tk 
range for the same minimum accuracy. 

At low speeds there are a number of logarithmic devices whic 
can be used. An example is the ME1404 electrometer triode, 
which the anode current has a controlled logarithmic relationsh 
to the grid current for at least three decades of positive gr 
current, i.e. from 3 x 10—-!2amp to 3 x 10-9amp. These a 
not suitable for wide bandwidths, however, and Fig. 7 illustrat 
the type of amplifier in use by A.W.R.E.78 It consists of 
cascade amplifier of n identical stages, using valves with a hi; 
figure of merit. The polarity of the signal supplied to all stag 
is the same, and the output is fed through a separate isolatir 
stage to a common addition line. The operation of the amplifi 
is as follows. 


Let v; = Input voltage. 
Vg = Output voltage. 
A = Gain per stage. 


Then for very-low-amplitude signals the output voltage is pr 
portional to the input voltage, and is given by 


if 1 1 
¥9 = kA, (1 +5 tqitetet pet) 
where k is a constant. 


If the stage gain, A, is at least equal to 3, say, then the amp! 
tude of vp is mostly governed by the last stage. When the inp 


DELAY 


| ADDITION 
STAGES 


| 
| WHITEWAY: THE RECORDING OF HIGH-SPEED SINGLE-SHOT PHENOMENA 
| 


621 


ADDITION LINE Vo 
OUTPUT 


Zo 


STAGES 


if INPUT 
i 
q STAGE 
mee AM CASCADE 
Ht) Fig. 7.—Logarithmic amplifier. 


ai has risen sufficiently, the last stage saturates, and the 
vatput supplied by it to the addition line is constant, equal to 
’, say. When the input signal has risen by a further factor A 
‘he next-to-last stage saturates. The rth stage will saturate when 
r = log, V — log, 0; 


| The output is, to a first order, proportional to the number of 
tages which have saturated, i.e. @ — r + 1). 
Thus 
U=k,a—r+)) 
=k,(n — log, V + log, v; + 1) 
— ky + k; log V; 


in the above expressions, k,, k, and k3 are constants. 

| It will be noticed that a transmission line has been used to 
‘ouple the addition stages. This must be designed to have the 
\ame signal delay per stage as the cascade amplifier. Logarithmic 
implifiers of this type with a bandwidth of about 50 Mc/s and 
jovering three decades have been in use by A.W.R.E. for several 
\fears. Development is nearing completion of logarithmic ampli- 
liers using a small 200 Mc/s distributed-amplifier strip for each 
| vascade stage. The logarithmic range at these wide bandwidths 
is Testricted by noise, but a range of 3 decades can be obtained. 
Mability is also a great problem, since there is an inherent feed- 
pack path between output and input stages. 


| © HIGH-SPEED TIME-BASES AND TRIGGER CIRCUITS 
| (6.1) Time-Bases 


Time-bases of the bootstrap and Miller type are widely used 
lor high-speed recording for time-base durations in excess of 
l0Onanosec. Below 100nanosec the bootstrap time-base often 
requires a high current in order to obtain a sufficient rate of 
fise of potential, even to charge the stray capacitance alone. 
As the speed is increased, non-linearity is introduced owing 
Jo the decrease in efficiency of the cathode-follower, and 
also to the transit time of the feedback loop. In the Miller 
lime-base, one of the main limitations is that the feedback 
vapacitor becomes too small in relation to circuit strays. For 
very high speeds, circuits relying on feedback to linearize the 
‘race should be avoided. An inductance may be used to main- 
‘ain the linearity of the trace.!9 The time-base circuit consists 
simply of a valve passing a steady current and with a tuned LC 
tircuit in series with the anode. The time-base is initiated by 


cutting off the valve, and the anode potential rises at a rate 
determined by the original current and circuit capacitance, C. 
The time-base is, in fact, the first part of a sine wave, and a 
linearity of 1% can be achieved provided that L is at least equal 
to 507?/C, where 7 is the time-base duration. It is necessary 
to clamp the potential at a suitable level in order to prevent 
excessive voltages from being produced at the electrodes. The 
time-base suffers from the disadvantage of requiring high 
quiescent current, although in some recording systems it is 
possible to pre-pulse the valve slowly into current, thus reducing 
the mean current to a low value. 

Another type of time-base relies on the constant-current 
characteristic of a tetrode or pentode in order to maintain the 
linearity of the sweep.®: 2? One form of this circuit is illustrated 
by Fig. 8. It consists of a fast blocking-oscillator driver stage 
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Fig. 8.—High-speed driven time-base. 


with the tertiary of the blocking-oscillator transformer connected 
between grid and cathode of the time-base valve. The charging 
capacitor is connected between anode and cathode of the time- 
base valve, and when the valve is driven into a high constant 
current it delivers a symmetrical time-base output. Time-bases 
of the type described may be designed for sweep durations of a 
few nanoseconds. When speeds of this order are required the 
rise time of the driving pulse often affects the linearity at the 
beginning of the trace, and it may then become necessary to 
apply X-shift so that the non-linear part of the time-base does 
not appear on the screen. The beam current is not switched on 
during: this period. The extra delay required in the signal 
channel is only in the nanosecond region. 
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(6.2) Trigger Circuits 


The time-bases normally require a preceding trigger stage. 
At moderate speeds a monostable multivibrator will fulfil this 
function and also provide the necessary beam-brightening pulse 
to switch on the beam of the c.r.t. At higher speeds, secondary- 
emission trigger stages of the type described by N. F. Moody 
are widely used.2° These trigger stages employ positive feedback 
from dynode to control grid or from anode to cathode. Rise 
times of the order of Snanosec can be obtained, and the same 
valves may also be used to supply the beam-brightening pulse. 
High-speed blocking-oscillator circuits using transformers with 
high-permeability toroidal cores can be designed to give similar 
rise times coupled with high outputs. Transistors are becoming 
popular for use in high-speed trigger stages as higher-frequency 
types become available. Transistors operating in the avalanche 
mode are particularly useful, since they can deliver a pulse with 
a rise time of the order of 1-2nanosec with an amplitude of 
about 5 volts, and of the order of 10nanosec for an amplitude 
of 50 volts.3! Similar results can be obtained with 4-layer 
diodes. 


(7) PULSE GENERATORS AND CALIBRATION EQUIPMENT 


(7.1) Pulse Generators 
In order to check the step response of a high-speed recording 


system it is necessary to have a pulse generator with a very fast, 


rise time relative to that of the system being measured and a flat 
top for the duration of the slowest time-base. It is not always 
possible to fulfil both of these requirements in the same pulse 
generator. Pulse generators employing mercury-contact relays 
to discharge cables?* are now in general use, and, by mounting 
the switch to form part of the coaxial system, it is possible to 
obtain rise times of the order of tnanosec. This type of pulse 
generator is not suitable for long-duration pulses because the 
length of cable required is impracticable and the back edge of 
the pulse is deteriorated. A pulse generator which has been 
designed in A.W.R.E. represents a compromise between the 
requirements for short rise time and wide pulse width. The 
mercury-switch contacts are connected in the grid circuit of a 
high-slope triode, which is driven from cut-off into high current 
when the switch closes. Pulses with rise times of less than 
2nanosec are generated at the anode and cathode of the triode. 
The anode-grid capacitance of the triode gives rise to a small 
transient of opposite polarity in the anode waveform which 
arrives before the main pulse, as a result of the finite transit 
time of the valve. Neutralization is necessary to eliminate this 
effect. The pulse is terminated by a high-speed trigger stage, 
operated by a variable delay circuit. The resultant pulse width 
is variable from 0:2 to 200microsec, with a back edge of 
7nanosec decay time. 


(7.2) Time Calibrators 


For measurements where the time-base accuracy is important, 
it is necessary to employ some method of time calibration which 


can be recorded photographically. For moderate speeds, 


calibration pips which are sufficiently narrow to be superimposed 
on the trace can be generated from crystal oscillators. When this 
is undesirable owing to the mark/space ratio of the calibration 
pips, a double-beam oscillograph tube may be used with a 
common time-base; or with a single-beam tube a calibration 
trace may be recorded either immediately before or after the 
event. Non-crystal-controlled oscillators of adequate stability 
can also be used, and these have the advantage that they may be 
switched on by the signal, thus producing stationary pips when 
repetitive test waveforms are being observed. Above 50 Mc/s 
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it is very difficult to generate the calibration waveform as pip} 
and sine waves are normally employed. Lecher bar oscillaton| 


high-speed requirements. The stability of cable delays can bj 
used to advantage, especially in recycling generators*? in whic} 
each calibration pip produced is regenerated after an interve) 
set mainly by a cable delay. 


(8) CONCLUSIONS 


There have been substantial advances in the past 10 years ij) 
the design of sealed c.r.t.’s suitable for recording high-spee 
single-shot transients. Many research workers have investigate! 
ways of increasing the writing speed of the c.r.t. without resultar) 
loss in sensitivity. One method has been to use a high degre 
of post-deflection acceleration. Another method relies on thi 
production of a very small spot size, which enables a hig; 
sensitivity to be obtained in terms of volts per trace width. Th 
method has been combined with travelling-wave deflection ti 
produce a system of wide bandwidth as well as high sensitivity 
A third method under investigation uses the phenomenon d 
field-enhanced luminescence from the phosphor of the cr. 
This method relies on the application of a field across the pho} 
phor, resulting in electron multiplication within the phosphq) 
and an increase in luminous output. In yet another methe} 
under investigation the face of the c.r.t. consists of a large numbd, 
of glass fibres cemented together to act as light guides. 4 
object of this system is to dispense with the normal lens tj 
making it possible to place the recording film in contact with th} 
front face of the c.r.t. It is hoped that by these means tl} 
optical efficiency will be increased. 

There is a great need for an increase in video-amplifier band 
width. Although the use of travelling-wave amplifiers | 
feasible, the complexity of the system and non-linearity like} 
to be introduced by the necessary modulation and demodulatic), 
limit their use in video systems, i.e. where the bandwidth | 
required to extend down to a low frequency. There does ni) 
appear to be any likelihood of a substantial increase in th| 
bandwidth of distributed amplifiers. However, the advent « 
high-speed travelling-wave c.r.t.’s requiring only a few volts fc 
maximum deflection has obviated the need for high-level amp} 
fiers. These c.r.t.’s often enable amplifiers to be dispensed wit) 
altogether, since many detectors are able to provide a sufficies) 
linear output voltage to drive the c.r.t. directly. 
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SUMMARY 


The paper describes a new measuring system, using 100 line/in 
optical gratings, which contains no moving parts and has been 
incorporated in both continuous-path and co-ordinate-setting control 
systems. 

By a method of cyclic switching of four photocells and subsequent 
filtering of the combined photocell signals, an a.c. waveform is pro- 
duced which can be compared in phase with a reference waveform, to 
determine the magnitude and direction of relative displacement 
between two gratings, and to provide linear interpolation within the 
pitch of the gratings. 

Details of the optical, mechanical and electronic design are given, 
and the effects of variables on the accuracy of the system are discussed. 

Interpolation accuracy within +2%x10-4in using 100 lines/in 
gratings has been achieved in practical systems. 


LIST OF SYMBOLS 


e = Measurement error as percentage of grating 
pitch. 

f = Switching frequency, c/s. 

= peripheral drum velocity in line- 
pitches/sec. 

g =A function. 

i, i4, 1p, ic, ip = Instantaneous currents. 
i1, 12, 13, 14, iy = Instantaneous photocell currents. 
I, 1, Ip, 13, 14 = Direct components of photocell currents. 

I, = Collector current. 

I,9 = Common-base collector leakage current. 

K = A constant. 

M, M1, Mo, M3, M4, = Depths of modulation. 

n = A number. 

s = Grating ruling pitch, in. 

t = Time, sec. 

v = Relative grating velocity, in/sec. 

a = Common-base current gain. 

B = Spatial phase angle between correct and 
actual position of photocells in moiré 
fringe pattern, rad. 

$. = Phase error, rad. 

@ = Spatial phase angle, rad. 

6, = Value of 6 for maximum phase error, rad. 

A = Moiré fringe wavelength, in. 

¢ = Temporal phase angle, rad. 

®,, D,, D,, O, = Switching waveforms. 

X = Skew angle, deg. 

ws = Phase change through filter, rad. 

w = Angular velocity, rad/sec. 


(1) INTRODUCTION 


A position-measuring system is an essential part of most 
position-control systems as it provides feedback information to 
which command information is referred. 


Written contributions on Papers published without being read at meetings are 
invited for consideration with a view to publication. 
ley iis are with the Staveley Research Department (George Richards”: and 
., Ltd. 


Some of the requirements are as follows: 


(a) The measuring system should maintain the required accura 
over a wide range of system parameters to ensure reliability, ease 
manufacture and setting up. 

(6) It should contain no.moving parts in itself or in the dq 
circuits which might wear or limit operating speeds, and should 
reasonably small. 

(c) It should be applicable to both continuous-path a! 
co-ordinate-setting control with simple associated circuits. 

(d) Zero setting should be simple and easily carried out. 

(e) It should be readily adaptable to either linear or circul 
measurements. 

The paper describes a practical measuring system, usi 
coarse optical gratings, which is designed to meet the 
requirements. 


(1.1) Gratings 


Gratings are regular parallel rulings or markings on gla 
glass-backed resin or reflecting metal. About ten years ago 
process!» ?:3,4,5 was developed at the National Physic 
Laboratory which enabled gratings of high quality and gre 
accuracy to be made, and Guild!! and others showed how th 
could be used as precise measuring scales for laboratory 
industrial linear or circular measurements. 

The technique depends on the fact that, when light is sho 
either through a pair of similar glass transmission gratings 
through a glass grating and reflected back from a similar me’ 
reflecting grating, with their rulings approximately parallel, t 
amount of light transmitted or reflected along a given pa 
varies according to the relative positions of the gratings. T 
intensity of this light can be measured by a photocell with 
suitable optical system. In most such linear measuring syste1 
the two gratings consist of a long measuring grating with lin 
ruled across its length and a short transmission grating of t 
same ruling pitch used as an index. 

In the transmission system described the index grating 
skewed slightly with respect to the measuring grating, produci 
broad light and dark bands approximately at right angles to t 
rulings, as shown in Fig. 1. The spatial distribution of lig 
intensity at right angles to the bands is approximately sinusoid 
but with special types of index grating the pattern may 
almost a triangular wave. The bands are known as moiré fring 
and if the angle between the grating rulings is X, and the ruli 
pitch is s, the distance A between two adjacent bands is given 


A 


2 sin 5 
As the measuring grating moves in a direction normal to. 
rulings, the fringes move also; a movement of one ruling pit 
causes the fringes to move one fringe wavelength, A. Wh 
individual rulings cannot be monitored photo-electrically, t 

broad fringes can be detected easily. 
Early grating measuring systems counted complete frin 
cycles only, and had to use gratings with a ruling pitch equal 
the measuring resolution required. A later improvement divid 
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Fig. 1.—Diagrammatic sketch of optical system. 
} With enlargement of moiré fringe pattern formed by crossed gratings. 


tach fringe cycle into four parts, so that, to achieve a resolution 
‘£1 x 10~‘in, fine gratings with 2 500 lines/in were required. 

_ Fine gratings have been used successfully for a number of 
rears® but suffer from many practical disadvantages. They are 
xpensive and delicate, and require considerable skill in design 
lo achieve good results. They also require precise mechanical 
ind optical alignment, which may be difficult to maintain in 
jome practical applications. At present it appears very difficult 
lo use fine reflection gratings for measurement. 


(1.2) Coarse Optical Gratings 


_ Coarse optical gratings are here taken to be those in which 
liffraction effects in the formation of moiré fringes are negligible. 
in practical systems coarse gratings are usually ruled with less 
than 500 lines/in. The lines are usually opaque and equal in 
Width to the spaces, and they can be easily reproduced photo- 
graphically. 

| The 100 lines/in gratings used in the switched-sampling 
Measuring system do not suffer from many of the disadvantages 
of fine gratings. They are cheap and the optical system is simple 
and easy to align. Coarse optical reflection gratings are robust. 
The mechanical and optical tolerances are many times greater 
than those of fine- -grating systems, although their accuracy may 
be as high or higher. Shortly it is hoped to produce long lengths 
of 100 lines/in reflection gratings on stainless-steel tape, accurate 
fort 1) x 107‘ in/ft. 

The disadvantage of coarse-grating measuring systems in the 
past has been that high-resolution measurement with them has 
entailed cumbersome interpolation methods. The switched- 
Sampling measurement system described here has most of the 
electronic advantages of early coarse-grating systems without 
their mechanical disadvantages. 


(2) DEVELOPMENT OF INTERPOLATION SYSTEMS 


The use of 100 lines/in gratings in a high-resolution measuring 
system resolving to +1 or 2 x 10~*in requires interpolation 
between fringe cycles to +1 or 2 parts in 100.. One of the most 
accurate methods of interpolation is to measure the temporal 
Phase difference between two square waves, and this is the 
method used in the measuring system here described. 

Some time ago it was suggested”? !° that, by introducing a 
continuously moving index grating, many of the disadvantages 
of the previous fixed-index system® might be overcome. In 
this case the continuously moving grating is used to set up two 
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sets of moiré fringe patterns, one with the measuring grating 
and one with a fixed reference grating. Single photocells are 
used to detect the movement of both patterns, and a com- 
parison of the phases of their outputs gives the required indi- 
cation of the position and movement of the measuring grating. 

The moving index grating may be in the form of a drum or 
disc.?!° If such a drum is driven at a line frequency f cycles 
per second and the measuring grating moves at v inches per 
second the output frequency associated with the moving moiré 
fringe pattern will be f + v/s cycles per second, the sign depend- 
ing on the direction of movement of the measuring grating. 

It was later suggested® that similar effects could be achieved 
without a rotating grating by replacing a single light source by 
three lights positioned at intervals of A/3, suitably positioned and 
excited from a 3-phase source, or by the inverse arrangement of 
replacing a single detector by three detectors and modulating 
the sensitivity of the detector by a 3-phase oscillator. 

The interpolating measuring system here described is a 
development of the latter suggestion in that it avoids the compli- 
cation of sine-wave modulation by using square-wave switching. 
It was first developed to be incorporated into a continuous 
control system in which command information is a square wave, 
phase modulated by digital means, the feedback is the output 
of the phase-modulated measuring system, and the position 
error is the phase difference between these two signals. As 
long life, low heat dissipation, small size, high speed and low 
cost are required, it was decided to switch a photocell system 
and not a lamp system. 

It was also required to couple the measuring system to a 
computer or to a magnetic-tape link. With earlier systems”»*.?:1° 
this would have necessitated an accurate phase locking of the 
effective peripheral drum velocity to a computer or tape reference 
frequency. Variation in tape speed, phase swinging in the motor, 
drum imperfections, etc., make this difficult. 

Although the measuring system was first developed for con- 
tinuous control it was soon realized that it is also particularly 
suitable for co-ordinate positioning and position-indicating 
systems. 


(3) OPERATION OF THE MEASURING SYSTEM 


The operation of the measuring system is first described with 
reference to the waveforms shown in Fig. 2 using skewed trans- 
mission gratings. The operation is similar if a reflection 
measuring grating is used. 

Figs. 2(i)(a), 2(ii)(a) show a skewed index grating in com- 
bination with a measuring grating with zero relative phase shift 
of the grating lines referred to an arbitrary origin within any 
grating pitch of the measuring grating. 

It is first assumed that there is no relative movement between 
the two gratings. The intensity of illumination in one cycle of 
the moiré fringe pattern is shown in Fig. 2(iii)(a@). The depth of 
modulation is not 100°% because of optical imperfections, skew, 
and the finite size of the photocells. The skew of the reference 
grating is adjusted to make one moiré fringe cycle a convenient 
length, e.g. 4in, and four photocells are positioned at A/4 
intervals across the cycle as shown by the small rectangles in 
Fig.. 2(iii). Fig. 2(iv)(@) shows the magnitude of the currents 
which flow simultaneously in the four photocells. Each photo- 
cell is switched on in turn for half the switching period by 
a 4-phase square-wave switching waveform, Fig. 2(v)(q). 
Fig. 2(vi)(a) shows the magnitude and duration of the switched 
currents in the photocells. These four currents are now summed 
to form a stepped waveform, Fig. 2(vii)(a), which has a periodic 
time equal to that of the switching waveform, as it has been 
assumed that there is no relative movement between the gratings. 
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It should be particularly noted that, unlike the previous diagrams, 
which are spatial, Fig. 2(v) and the following ones are temporal, 
the time of one cycle being the 4-phase cyclic switching time, 


e.g. 500 microsec. 


After a.c. coupling, the resulting symmetrical a.c. signal, which 
contains no d.c. component, is amplified and integrated to form 
the waveform shown in Fig. 2(viii)(@). One or more integrators 
are generally used instead of a filter which rejects all harmonics, 
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because the phase shift through an integrator is independent 
frequency. This waveform is then squared in a circuit wh 
triggers accurately when the waveform crosses the mean ley 
The resulting square waveform is the measuring-system out} 
waveform, which is subsequently compared in phase with 
reference waveform. 

The temporal phase difference between this square wavefo 
and a reference waveform, such as that used to switch photox 
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Switched-sampling measuring system waveforms. 


No. 1, changes linearly with the spatial phase difference between 
‘he lines on the index grating and those on the measuring 
srating. In Fig. 2(a) this phase difference is zero. 

Figs. 2(b)-(e) show equivalent waveforms for phase shifts of 
40° to 90°, ie. 8-33 x 10-4in to 2-5 x 10~3in for 100 line/in 
ratings. 
| It is shown in Section 5 that with certain practical shapes of 
Wave pattern and types of filter, the temporal phase difference 
Detween these, waveforms is an exact measure of the spatial phase 
lifference between the lines on the two gratings. Theoretically 
m integrator should be used if the effective fringe pattern is 
riangular, and a filter should be used if the pattern is sinusoidal, 
put errors produced by using an integrator are in all cases small. 

If the reading head containing the reference grating now moves 
over the measuring grating at a velocity +v inches per second, 
the spatial moiré fringe pattern moves over the four photocells 
it a frequency v/s lines per second, and if the switching fre- 
quency of the photocells is f, the temporal frequency of the 
waveform Fig. 2(viii) is f + v/s cycles per second. 


(4) THE SWITCHING WAVEFORM 


‘The switching waveform is usually a square wave of equal 
mark/space ratio although other ratios, for example 1 : 3, can 
De used. The advantages of square-wave switching compared 
with sine-wave modulation are as follows: 

(a) The square wave can be accurately generated and locked to a 

_higher frequency by digital subdivision. 

(6) The switching waveshape requirements are relatively easy to 
achieve. The rise and fall time must be less than a fraction of 1% 
of the switching cycle, and the amplitude must be adequate for 
switching. 

Since this is a sampling system, the frequency, f, of the 
switching waveform must necessarily be chosen so that the 
frequency f — v/s, at which relative position is indicated, is high 
enough to meet the requirements of the output system. Systems 
have been produced operating at switching frequencies in the 
range 250c/s to 2:5kc/s. 

The practical upper limit to the frequency f is set by the 
switching time of switching transistors, which is less than 
| microsec. ‘ 


(5) SIMPLE STATIC THEORY 

We shall assume that the system is at rest. 

The four photocell outputs are i,, i2, i; and i4. 

These are switched sequentially into a common summing 
circuit to give a resultant signal i (wf), where w is the angular 
frequency of the sampling cycle. This cycle may be divided 
into four equal periods, and the corresponding values of i (w/) 
may be written i4, iz, ic and ip such that 


y= +h 
ip = 1, +13 Q) 
ig =1,+4 
ip =i + 


It will be noted that the pair of photocell outputs i; and i; are 
switched alternately into the output circuit and that these two 
Signals are never present simultaneously. The same holds for 
b and i,, The alternating component of the resulting stepped 
waveform can therefore be resolved into two square-wave com- 
ponents of amplitudes proportional to i, — i; and iz — i4, 
respectively, and displaced in phase by’ 7/2 rad. 

Tn filtering out the harmonics, the two components become 
two sine waves in quadrature, with amplitudes still proportional 
to i; — i; and i, — is, and the output becomes proportional to 


ip(wt) = (i; — i,) cos (wt + ) + — i) sin(@wt +f) . (3) 


iy 


4 
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where 7 is the phase change introduced by the filter. These 
two components are in fact never separated but form a resultant 
sine wave proportional to sin (wt + y% + ¢), where 


ij 
¢ = arctan 1—? (4) 
Ig — l4 
If the spatial waveform is sinusoidal and the photocells have 
identical characteristics, we may write 


i, =1(1 + msin 0) 


5 


iy = 11 + msin (0+%)| = I(1 + mcos 8) 


; : : trtaRG) 
i; = 1[1 + msin(@ + 7] =10 — msin 6) 


i, =I + msin (6+ | = I(1 — mcos 6) 


where J is the mean output level and m the depth of modulation. 


Hence 


° pos — : 6 
iy i 2mI sin } ; 6 
i, — ig = 2mI cos 0 
wn 3! iy — ig 2m sin 9 _ 
giving ro) = arc tan Scan = arc tan amlcos 0 (7) 


The temporal phase angle, ¢, of the filtered output is thus equal 
to the spatial phase angle, 0, and the output signal i-(w/) passes 
through zero whenever wt + yb = na — 0. 

If, instead of filtering i(wf) to remove all the harmonics, we 
merely integrate, the two square-wave components of i(wf) 
become two symmetrical triangular components in quadrature, 
again with their amplitudes proportional to i; — i; and i, — iy. 

The integrated output is thus proportional to 

i(wt) = (1 — ig) +o —igde(wt—F) - ® 
where g(w#) is the symmetrical triangular function of time. If 
now the spatial waveform, instead of being sinusoidal, is also 
of a symmetrical triangular form, and the photocells are again 
assumed to have identical characteristics, we may write 


i, = E + me (8 ip | 


3 
i, =J[1 + me@4+7)] iz =11 ae me (6 af 2) 


i, = I[1 + mg(6)] 
(9) 


since the same function, g(0), describes the spatial triangular 
wave. From the symmetry of g(6) we have 


(6) = —g@6+7 =-2e(-4) 
g (0) =2e(mr — 9) 


(10) 
7 7 
63 5 8) = - 6) 
Hence we may write 

7 7 
i(wt) = 2mlg (A)g (wt) + 2mlg( 6 + i) g (wt — 5) (11) 

It will be seen that this passes through zero whenever 
fee Qn+I1)7 _ 4 (12) 


Ze 


Inspection of the geometry of the i(wt) waveform shows that, 
although the shape changes as @ changes, there are always only 
two instances per cycle at which i(wr) = 0. 
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As before, the phase of the sampling cycle, wt, at which the 
output 7,(wf) passes through zero in a given direction is therefore 
uniquely and linearly dependent on the spatial phase angle, 0. 

It should be emphasized that the above analysis applies only 
when the system is at rest. If one grating moves with respect to 
the other, provided that f > v/s, then the mean frequency of the 
output changes linearly with the rate of change of 0. The 
dynamic performance of the measuring system is mentioned 
briefly in the Appendix. 


(6) THE OPTICAL SYSTEM 

In this paper a transmission version of the optical system is 
described using skewed 100 lines/in transmission gratings. 
Reflection optical systems are in process of development; it is 
considered that they will ultimately replace systems using coarse 
glass gratings. 

Fig. 1 shows a 6-volt 15-watt festoon lamp run at about 
5 watts, a 40-diopter collimating lens, an index grating, a 
cylindrical collecting lens and four photocells mounted in the 
reading head. The reading head is compact and robust, the 
overall dimensions being 3in x 24in x 24in. It is mounted on 
one of two sliding members, for example on the saddle of a 
machine-tool. The long grating is mounted in a special holder 
on the other member, for example on the table. The gap between 
the emulsion sides of the gratings is set to about 3 x 10~7in, 
and the gratings used are 18 or 24in long. They can be mounted 
in special holders which may contain up to three gratings end to 
end, forming a scale up'to 6ft long. Small gaps are left between 
the ends of gratings to allow for thermal expansion.. Provided 
that adjacent gratings are accurately aligned with respect to 
each other, a gap involving the omission of one grating line 
introduces negligible error. 

The photocell sensitivities can be balanced by screws of 
2 x 10~7in diameter which can be set to obscure part of the 
photocell surface. 

The index grating, the collecting lens, the sensitivity screws 
and the photocells are mounted in a cylindrical holder in the 
reading head. The skew of this holder can be accurately set by 
a long removable tommy bar, so as to match the spatial phase 
of the photocells to the moiré fringe pattern. 


(7) THE PHOTOCELLS 

The system obtains its positional information from the relative 
amplitude of the signals from four photocells, and to give this 
information reliably they must fulfil certain conditions: 

(a) The cells must be sensitive to tungsten-filament light. 
(6) The light-intensity/photo-current characteristic must be linear. 

(c) The four cells should have reasonably well-matched sensi- 

ivilies, 

(d) They must be thermally and time stable. 

Silicon photo-voltaic diodes fulfil these requirements reason- 
ably well. The cells are linear current generators if the load 
resistance is low enough; the sensitivity varies about 4% per 
deg C; the time stability is expected to be good; and quartets of 
cells can be matched to within 10° of a mean sensitivity. 

The cells are operated as current generators at about a 304A 
mean level. The upper limit of the load resistance is about 
5 kilohms if linearity is to be preserved under these conditions. 


DAVIES, ROBBINS, WALLIS AND WILDE: A HIGH-RESOLUTION: 


(8) CIRCUITS 
The circuits developed for the measuring system are co} 
pletely transistorized. They consist of the following parts. 


(8.1) Switching Waveform Generator 


A 4-phase switching square waveform of f cycles per seco 
with fast transitions, accurate phasing and unit mark/space ra’ 
is made by dividing a frequency of 4f by 4 using conventior 
transistor circuits. As shown in the block diagram, Fig. 3, 
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Fig. 3.—Switched waveform generator. 


multivibrator, 1, produces a waveform of, for example, 8ke 
The shape of this waveform is unimportant so long as the positi 
transitions are adequate to drive a divide-by-2 stage, the outpt 
of which are anti-phase square waves of unit mark/space rat 
of 4kc/s. These two outputs feed two more divide-by-2 stag 
3 and 4, via an ‘and’ gate, 5, so that the outputs O,, O,, D,, 
consist of a 4-phase square-wave system of constant phe 
rotation. Gate 5 is necessary if the direction of phase rotati 
is not to depend on the initial setting of the flip-flops when t 
circuit is switched on. 


(8.2) Silicon Photo-Voltaic Diode Switching Circuit 


To obtain satisfactory operation from silicon photo-volt: 
cells, the circuit design must fulfil two conditions. First, 
order to obtain a linear relationship between photo-current a: 
intensity of illumination, it is necessary to use a low-impedan 
load. A suitable load is the input impedance of a germaniu 
transistor used in the common-base configuration. The seco: 
requirement is that the current through the photocell must 1 
be interrupted when the current is sampled by the switchi 
waveform. This is because, if light shines on an open-circuit 
silicon photo-voltaic diode, a charge is built up across the p 
junction, and when the cell is short-circuited the dissipation 
the charge forms a pulse of output current. 

These two requirements are met in the switching circuit shox 
in Fig. 4. Each photocell (e.g. D;) is connected between t 
base and emitter of a common-base transistor (e.g. T)). 

The collector current J, of this transistor is given by 


I, = ais +d eces 


TYPICAL CHARACTERISTICS OF MS1 SILICON SOLAR CELLS 


Dimensions Peak spectral 


response, 


0-09in x 0-19in 


approx. 0°8 


Open-circuit 
voltage 


400 mV 


Output characteristics at 100 ft-candles 
Short-circuit 
current 


22°SuA about 1 microsec 
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Fig. 4.—Photocell switching circuit. 


D,-D, Silicon diodes, ZW2 
Ds-D3 Silicon photo-diodes, MS1 
Do-Di2 Germanium junction diodes, OAS 
Ri 150kO 

| Ro, R3 1kO 
; 
| A high-gain r.f. transistor is used, in which J, is small and 
x is very nearly equal to unity and is nearly independent of tem- 
iperature. The collector current is therefore very nearly equal 
ito the photocell current. 
| The collector current is switched between two circuits by 
jmeans of a diode gate (e.g. D,; and Dy). The switching wave- 
‘forms are taken to the negative ends of the diodes D;-D, and 
igo positively and negatively with respect to the base of Ts. 

When a switching waveform, e.g. ©,, is negative, D, is cut 
off and current flows from the base of T;, through Do, into the 
emitter of T,, the magnitude of the current being proportional 
‘e the intensity of illumination on D;. When the switching 
\@cfonm is positive, D, conducts and Dg is cut off. Thus 
jee action of switching waveform ©, is to switch a current 
having the same magnitude as the photocell current out of the 
| ase of an amplifying transistor during the negative parts of the 
‘switching cycle. 
| The action of the switching waveforms D,, O,, M, is similar. 
be switched currents representing each photocell current are 


summed at the base of T;, and the stepped waveform of Fig. 
ii) is produced across the collector load R,. An emitter- 
follower, T¢, is used as an output stage. 

' Using a 15-watt lamp run at 5 watts the individual photocell 
currents are approximately 30 pA, and the output of the circuit 
is approximately 1 volt (p—p). 

| The switching circuits are located in the reading head, they 
are electrostatically screened and the supplies are filtered. Some 
‘integration of the stepped waveform by cable capacitance is 
‘unimportant as this waveform is integrated before use. 


} (8.3) Integrating and Squaring Circuits 

In the circuits described (Fig. 5), an integrating amplifier is 
jused. The amplifier consists of a common-collector input 
stage T,, which is a.c. coupled to a common-emitter amplifier, 
T;. The input signal is fed into the amplifier via R; and shunt 
feedback is applied by a capacitor, C;. The time-constant of 
the integrator produced by the capacitive feedback, C,R,, is 

Vou. 107, Part B. 


TT) 
Ts 
T¢ 
O;-D,4 


Transistors, OC44 
Transistor, OC201 
Transistor, OC71 
Four-phase switching inputs 


adjusted so that the output is approximately 6 volts (p—p) when 
the input is 1 volt (p—p). 

The output after integration of the stepped waveform is 
shown in Fig. 2(vili). This output is taken to a squaring stage 
which triggers accurately at the mean alternating potential of 
the input waveform, so that changes in amplitude of the input 
waveform do not appreciably affect the trigger point and hence 
introduce a temporal phase error. 

The circuit operates in the following way: 

The integrator output is capacitance coupled to an emitter- 
follower, T3, which is d.c. coupled to a squaring stage, T,. The 
values of Rg and Ro are selected so that the d.c. output of T; 
biases T, to its linear operating region. 

In order to obtain fast transitions, the output is d.c. coupled 
into an inverting stage, T;, and the output of this is a.c. coupled 
to the base of Ty. The resultant positive feedback produces a 
fast leading edge on the square-wave output which is suitable 
for the triggering of counting circuits. 


(8.4) Measurement of Temporal Phase Shift between Output 
Square Wave and a Reference Square Wave 


Different methods of temporal phase comparison are used 
depending upon whether the measuring system is required to 
indicate position digitally or by analogue means or to feed a 
co-ordinate positioning system, profiling system or phase-to- 
pulse conversion system. 

The phase comparator described consists of a simple flip-flop 
with two inputs into which are fed a reference signal (which 
could be, for example, phase 1 of the switching waveform) 
and the output of the squaring circuit. The flip-flop is turned 
on by the rising edge of the reference waveform and off by the 
rising edge of the feedback waveform. If these waveforms are 
displaced by 180° the d.c. component of the flip-flop output 
waveform is taken as zero. 

As the temporal phase shift of the output waveform from the 
squaring circuit is advanced or retarded with respect to the 
reference waveform, i.e. as the position of the reference grating 
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Fig. 5.—Integrating and squaring circuit. 
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Ry, R2 10kQ Rg 5:6kQ C, 0-001 uF 
3 1:2kQ Ryo 10kQ C, 0:5uF 
Ry 12kQ Ry 2°2kQ C3 8uF 
Rs, Rs 8202 Ry3, Ris 1:5kQ Cy O-1uF 
Re, Ri2 4-7TkO Ri 18kQ Gs, Ce 0-002 uF 
7 470kQ Rig 68kQ T,-Ts Transistors, OC76 


is moved forwards or backwards with respect to the measuring 
grating, the d.c. component of the flip-flop waveform becomes 
proportionally positive or negative respectively. 


(8.5) Zero-Setting Circuit 


The temporal phase shift between the reference waveform and 
the squaring-circuit waveform can be set to zero, for any relative 
spatial displacement of grating lines, by shifting the phase of 
the reference waveform. 

This can be done by a 360° voltage divider tapped at 0°, 90°, 
180° and 270°. These points are fed by the switching waveforms 
®,, D,, O; and D, respectively, and as the slider is rotated, the 
slider output waveform is similar to the stepped waveform, and 
changes in the same manner. This stepped waveform is con- 
verted into a square wave of temporal phase which varies with 
the angular position of the slider, using integrating and squaring 
circuits as described in Section,8.3. One revolution of the slider 
is equivalent to 0-01 in displacement when using 100 lines/in 
gratings. 

The circuits described have been designed to operate satis- 
factorily up to 35°C. 


(9) FACTORS AFFECTING ACCURACY OF MEASURING 
SYSTEM 

At first sight it might be thought that considerable practical 
difficulty must be experienced in aligning photocell sensitivities, 
light-modulation depths, skew, etc., in order to achieve adequate 
overall accuracy. Reference to the Appendix will show, how- 
ever, that under static conditions the tolerances on most of 
these variables are wide and that, with normal engineering 
tolerances, it should be quite possible to keep the contribution of 
individual sources of error to less than 1% of the grating pitch. 

It will also be seen that the effects of several potential sources 
of error are amenable to mutual cancellation, if a suitable 
setting-up technique is adopted. As indicated in the next 
Section, practical results bear this out and show that overall 
interpolation accuracies within +2% can be achieved consistently. 


(10) EXPERIMENTAL RESULTS 
(10.1) Method of Setting up the Reading Head 


4 

The following method of setting up balances the mean ou 
puts of the photocells and sets the skew. 

(a) With the head removed from the measuring grating, the fou 
photocell currents are made equal by screws adjusting the effectiy 
photocell areas. 

(b) The reading head is mounted and the skew of the reference 
grating is set by obtaining the best compromise balance betwee: 
the outputs of the two out-of-phase pairs of cells. 

Fig. 6 shows a graph of the temporal phase error between th 
output waveform and the reference wave plotted against actua 
displacement, at 21:2°C. The maximum interpolation a 
over typical grating cycles did not exceed +1-0 x 10-4 
The progressive error was not greater than +2-5 x 1074 
and the total error was not greater than +3-5 x 10~4in o 
a 54in length. 

Actual relative displacement was measured by a calibr: 
line standard and micrometer microscope to an accuracy 
+5 x 10-5in. Indicated relative displacement was me 
by displaying the output square waveform on an oscillogra 
This square wave was intensity modulated by a waveform 0 
20f, from which the cell switching frequency, f, was derived 
As the relative displacement of the two gratings was changet 
the output square wave was moved with respect to the i 
spots until a bright spot coincided with the rising edge of 
square waveform. A microscope reading of the line standart 
was taken at this setting. The rising edge was then moved to th 
next bright spot and the reading repeated. In this way indicates 
displacement can be read to better than +10~>in. i 


(10.2) Control Systems Incorporating the Measuring System. 


Position-indicating systems or co-ordinate-setting system 
giving meter indication within one grating cycle can be producec 
by indicating the d.c. component of the phase comparison flip: 
flop. Complete grating cycles can be indicated on number tu 
Digital interpolation to 10~*in can be achieved by causing 
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Fig. 6.—Interpolation error measured over typical interpolation cycles at 21-2°C. 


Progressive and interpolation error for typical 54in glass grating composed of three 18 in lengths with 0-015in butt gaps at 21-2°C. 
Total error, +0:00035in for 54 in length. 


jase-comparison flip-flop waveform to gate a pulse train of 
l0f cycles per second. At intervals these pulses are fed into a 
junter which is cleared at corresponding intervals at the ends 
| switching cycles. The number to which the counter counts 
‘equal to the relative displacement. between the grating in 
eps of ten-thousandths of an inch. 

The d.c. component of the flip-flop signal can also be used 
| a servo error signal for continuous control systems. The 
ymmmand signal is obtained by phase modulation of either the 
ference signal or the waveform from which the switching signals 
ie obtained. When the switching signals are modulated, the 
ference phase and the system output phase remain constant. 
his minimizes the frequency/phase-shift effect, but a common 
gnal generator cannot be used for reading-head switching in 
ore than one axis of control. 

‘For some other applications such as phase-to-pulse con- 
‘sion it is convenient to phase-modulate both reference and 
vitching signals simultaneously by digital means. 

| (11) CONCLUSIONS 

‘The switched-sampling measuring system, in its present state 
i development, permits reliable interpolation to +2 parts in 
)0. Thus coarse gratings can be used in co-ordinate-positioning 
ud continuous control systems with considerable circuit 
vonomy, while preserving adequately wide electrical and 
lechanical tolerances. It uses no moving parts and is simple 
y make both for angular and linear measurements. 
Electronically it is a very flexible system because both the 
ference waveform and the switching waveforms can be phase- 
iodulated by digital or analogue means. The system imposes 
9 serious limits on operating speeds for present machine-tool 
»plications. 

The measuring system has been applied satisfactorily to 
sition indication, co-ordinate setting, contour milling and 
ore-measurement machine-tool control systems. 

Although the measuring system has been described using 
)0 lines/in gratings, it could also be used with the same circuits 
ad finer diffraction gratings, e.g. 1000 lines/in, using optical 
chniques which are well established, although less simple, to 
roduce the moiré fringe pattern. In this way accurate inter- 
lation could probably be made to +20 microinches, although 
le optical and mechanical tolerances would be smaller. 
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(14) APPENDIX 
In the simple static theory given above it was assumed that: 


(i) The four photocells are perfectly matched as to sensitivity 
and mean level of illumination. : 

(ii) The four photocells are subject to the same degree of optical 
modulation. 

(iii) The four photocells are correctly positioned with respect to 
the optical wave pattern. ; : ; 

(iv) The optical wave pattern is either truly sinusoidal, in which 
case a band-pass filter is used; or it is of a symmetrical triangular 
form, in which case an integrator is used. 

(v) Measurement is made with the system at rest. 

In practice there must necessarily be departures from these 
ideal conditions, and Tables 1 and 2 are given as some guide to 
the magnitudes of errors to be expected from various types of 
maladjustment. 

The results given in Table 1 are mainly general and apply to 
departures from an ideal case in which a sinusoidal wave pattern 
is used with a band-pass filter. 

The values given in Table 2 refer more specifically to a parti- 
cular measuring system using 100 lines/in glass gratings with a 
nominal gap of 0-03 in between reference and measuring gratings. 
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ERRORS CAUSED BY DEVIATIONS FROM IDEAL CONDITIONS 


Table 1 


Conditions causing error 


Phase-error equations 
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Magnitude of 
maladjustment 


1. One photocell with ‘abnormal sensitivity or 
illumination. 


=KI h=h=h=!1 


2. Mismatch between inner and outer photocell 
pairs. 


= Ih 


KI h=h=I 


3. Mismatch between ‘balanced’ (antiphase) photo- 
cell pairs. 


hL=L 


KI h=h=I1 


4. Mismatch of significant leakage currents in 
photocell circuits 


Teo1 # Ico3 Ic02 = Te04 


5. Simultaneous mismatch of optical modulation 
depths of ‘balanced’ photocell pairs. 


my # Mz # m3 ~ m4 


h=h= 
i — he 


6. Incorrect spatial phasing of photocells due to 
small skew-angle error between gratings. 
[See Note (c)] 


7. Use of integrator rather than band-pass filter 
when spatial wave pattern is sinusoidal. 


8. Spatial wave pattern triangular rather than 
sinusoidal when using band-pass filter. 


9. Spatial wave pattern trapezoidal with flat por- 
tions each occupying one-sixth of total 
wavelength [see Note (d)] 


Notes.—(q) It will be seen that if the antiphase pairs of photocells are individually balanced, errors are independent of the depth of optical modulation. 


oe = arc tan 


de = arc tan 


gin (0c 4) 


oe = arc tan (K tan 0.) — O¢ 


(K — 1) + (K + 1)msin 6 


2m cos Oe 
mK + 3) sin? 0, + 2Km sin 0¢ 
— Qm2—K+1)=0 


(K — 1) + m(K + 1) sin 66 


(1 — K) + m(K + 1) cos 02 
Te )y2 


1 
0. = arc tan ae 


ge = arc sin y 


(K + 1)m 
[see Note (a)] 


where 

als V (Uco1 roi Iee2)? ar (Ico2 ay Ic04)?] 

a 2Im 
K ae 
de = arc tan [ee tan 6.| — 0. 
[see Note (5)] 

a mz + m4 

0. = arc tan Rano) aA) 


e 


ye 
sin (06 + re 
oe & arc tan aera 
cos (0. + side - 
e.g. For 0 < 0 a 
a 3( sin 0. 
© 2\sin 02 + cos 0, 
sin 20. = ™ a 2 etc. 


e.g. For0 <0 < 


oe = arc tan 


T 


2 


0 
Ti aan 
(3%) 


0. = 9[2n +1 (Ga 1)| 


(b) The form of this equation shows that a considerable measure of error cancellation is practicable. 


(c) Errors due to incorrect skew setting can become of minor importance if four separately phased sections of index grating are used. With unjoined meas! 


De 


a 


Kea it 


K=1-1,m=0°5 


K=1:1,m=1 


K=1-:1,m=0°-5 


K@m + m3) _ 4.4 
m2 + m4 


6% = 0-001 6rad 
=5-5’ of arc 
and assuming 

A=0-5in 
S = 0-01in 


Resulting |} 
maximum 
percentage 
error, ¢— 


4 


gratings, the four index grating sections may be aligned parallel to the axis of the long grating. If, however, joined gratings are used, a square array of index grating sections. 


presents certain advantages. 


(d) The effect of such a trapezoidal wave pattern could result, for example, from the use of a measuring grating with a 2 : 1 mark/space ratio, in conjunction with a set o} 


four unskewed index gratings each having a mark/space ratio of unity. 
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MISCELLANEOUS ERRORS IN TYPICAL SYSTEM 


Conditions causing error 


Table 2 
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USING 100 LINES/IN GLASS GRATINGS WITH 0:03IN GAP 


Magnitude of maladjustment 


Resulting percentage 
error, € 


. Variation in gap between index and measuring 


gratings when incident light is not strictly 
‘normal 


. Movement of lamp filament perpendicular to 


optical axis 


. Variation in lamp brightness when trigger level in 


phase comparator does not accurately agree 
with mean level of filtered signal 


. Differential thermal expansion of glass and cast 


Angle of incidence = 0:57°, variation in 


gap + 0-010in (see Note) 


+0-005 in with collimator of 1 in focal length 


Trigger level = 0-1 x peak value of filtered 
signal; variation in lamp brightness = + 30% 


at 10°C 


agi 


af 195) 
+0-75 


+4 at ends 


i iron for 24in glass scale rigidly supported at 
| centre only 


q Note.—An angle of incidence within +0-:57° corresponds to a tolerance +0-:010in in filament position, if the lamp is working with a collimating 


| lens of 1in focal length, 


| Instantaneous position is indicated only once per cycle of the 
\utput frequency. The significance of measurements made under 
lynamic conditions is thus subject .to the usual limitations 
\ssociated with sampling systems. 

| When the measuring system is used in a servo loop, provided 
Jhat the output frequency is high compared with the servo cut- 
ff frequency, the ordinary sampling errors do not persist long 
snough to affect the overall accuracy. 

| However, at a constant velocity there is a phase error per 
jycle which changes both in sign and magnitude over a time ¢ 
which is the l.c.m. of 1/f and 1/(f+¥). The average of the 


: position error over the time f is exactly zero. 


No rigorous analysis of the magnitude of this error has been 
made, but an experimental check of v = + 0-:2f showed that 
no dynamic position error exceeded +1%, which was the 
experimental accuracy. Also, in a contouring system using 
100 lines/in gratings, where v was in the range +0-4f, there 
was no indication of dynamic position errors comparable 
with the + 1 x 10~3in mechanical error expected from the 
machine. 

An examination of the theoretical output waveforms for 
v= +fandv=+0-5f, where the positive sign represents 
phase advance of the output waveform, showed that the phase 
error in any cycle did not exceed +5%. At v = — 0-5f the 
phase error was zero. 


‘| Mr. D. H. Mason (at Bristol): I am interested in learning how 
‘many sources of unit time impulses are employed, namely one 
: ver exchange or one common system for the whole country. 

|| If the former is the case, how are all these units synchronized 
fo ensure that the change of time-buying rate (night rate) occurs 
simultaneously throughout the country? One’s imagination 
boggles at the idea of thousands of time generators changing 
their rate at the same moment all over the country. 

Lastly, and in view of the new method described for timing 
and charging telephone calls, will telephone conversations be 
automatically charged at different rates should these extend from 
one rate-charge period to another? 
| Mr. J. C. Dallow (at Bristol): How does the s.t.d. system 
cater for those whose faculties are diminished through age or 
affliction? It may be difficult or impossible for such persons 
to dial the long series of digits which the new system demands. 

The three tariff maps show that, as time goes on, the number 
of charging zones have been reduced, until under subscriber 
trunk dialling they will be down to four. Would it not be better 
to scrap the lot with the introduction of the new system, or if 
that is too sweeping, to have only two, namely local and trunk? 

Mr. H. W. Long (at Bristol): One major difficulty with sub- 


* Barron, D. A.: Paper No. 2795 R, November, 1958 (see 106 B, p. 341). 


| DISCUSSION ON 
; ‘SUBSCRIBER TRUNK DIALLING’* 


Before the WESTERN CENTRE at BristoL 9th November, the TEES-SIDE SUB-CENTRE at MIDDLESBROUGH 2nd December, 1959, and the NoRTHERN 
TRELAND CENTRE at BELFAST 12th April, 1960. / 


scriber trunk dialling which has arisen at Bristol is the faulty 
trunk circuit. Records taken at Bristol on selected subscribers’ 
lines show a fault rate of the order of 4%. Most of these are 
classified as ‘no tones’ and are due to faulty links in the chain, 
the instances of wrong numbers being very small. This will 
always be a problem even when cable and amplifier failures have 
been cut to the irreducible minimum. An elaborate system of 
reporting failures of trunk circuits to the trunk test position has 
been developed and the routining of trunks immediately prior 
to the busy hour will enable most faulty circuits to be busied 
before they are seized by subscribers, but the real solution is to 
develop a type of trunk signalling which will give an automatic 
busying facility if the circuit is cut anywhere. There is one form 
of d.c. signalling which does this but its use is restricted to a.f. 
circuits, and a system suitable for circuits routed on high- 
frequency systems has not yet been developed. Such a system 
would enable the fault rate to be cut to under 1 %. 

Mr. R. W. Steel (at Bristol): In the electricity supply industry, 
meters have to be tested and certified as correct within the limits 
provided for in the Electricity Meters Act, 1936. Are there any 
similar statutory provisions for certifying the charging equipment 
used by the Post Office for calculating subscribers’ accounts, and 
if so, what are the accuracy limits? 
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Mr. F. P. Phillips (at Bristol): Will the equipment described 
be comparable with the initiative of a human operator in finding 
alternative routes when major damage to cable and equipment 
occurs ? 

Mr. N. Burley (at Middlesbrough): The author’s hopes of 75% 
of the trunk calls being dialled by 1970 requires a programme 
for the installation of s.t.d. equipment which will call for very 
large capital expenditure. 

As long ago as 1912, after the successful conversion of the 
Epsom Exchange to automatic working, the Administration 
decided that the future policy of the Department was the con- 
version of the manual system to automatic exchanges, and yet 
to-day, almost half a century afterwards, there are still more 
manual telephones in the United Kingdom than there were.in 
1912. This hardly gives one assurance that the conversion to 
s.t.d. working can be carried out during the next ten years unless 
Treasury restrictions on capital expenditure are greatly relaxed, 
for it is these which have so severely retarded progress. 

The programme could never have been contemplated but for 
the building up of the trunk transmission system during the last 
25 years. This has enabled many hundreds of trunk circuits to 
be provided either by means of coaxial cable or on a v.hf. 
network by the process of frequency translation. So successful 
has been the skill of the designers of transmission equipment that 
the provision of long-distance circuits is now cheaper than it was 
30 years ago on a per-circuit basis. The progress made by 
foreign administrations in converting their systems to s.t.d. 
working makes it essential for the Department to pursue ener- 
getically a similar policy if this country is not to lose its present 
position as having an advanced system of telecommunications. 

Tn so far as the Middlesbrough telephone area is concerned, 
the programme now being commenced should result in the sub- 
scribers on Middlesbrough Main Exchange and Redcar having 
s.t.d. facilities by December, 1960. This will be followed, within 
the following 12 months, by Norton and Stockton subscribers. 
Many other exchanges throughout the area are then scheduled 
to be provided with the equipment during the following three to 
four years, but past experience of policy reversals makes one 
apprehensive of specifying too precisely the programme. 

It is intended that register-translators shall be provided only 
at the Middlesbrough Main Exchange and that these will be used 
by the subscribers at the other exchanges, where the only equip- 
ment required to be provided will consist of timing mechanisms 
for operating subscribers’ meters. It is proposed to convert 
the dialling code ‘O’ for obtaining the operator to the code 
“100° in Middlesbrough and Redcar by May, 1960. It will also 
be necessary to convert the codes ‘7XX’ for the numerous 
exchanges at present dialled by Middlesbrough subscribers to 
“‘9XX? for exchanges in adjacent charging groups. 

Mr. E. Shaw (at Middlesbrough): The type of s.t.d. system 
which could be introduced by the Post Office had to operate the 
existing trunk network. This was built up for manual operation 
and designed to give a minimum number of switched points in 
a circuit by connecting each zone centre to all other zone centres. 
Is this the best network for subscriber trunk dialling, or does 
automatic control of the trunk network mean the loss of some 
of its best features, i.e. flexibility of routing and minimizing of 
breakdown effects, without exploiting the traditional features of 
automatic working, i.e. high speed, reliable switching, etc.? 
How will the trunk network now develop? Will more trunk 
switching be introduced and routing be rearranged to meet 
subscriber trunk dialling? 

Mr. N. C. C. de Jong (at Belfast): Northern Ireland is well 
placed to develop subscriber trunk dialling, since 92°% of its 
telephones are connected to automatic systems compared with 
some 80% elsewhere in the United Kingdom. A completely 
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automatic system is planned by 1965. Subscriber trunk diallin 
will start at the Central Exchange for some 11 000 subscribers 6: 
the end of 1961, and within a year or so it will be extended t 
the whole of the Belfast district and several important place 
outside. By 1963 all the main towns will be served, over 607 
of all lines will have s.t.d. facilities and some three-quarters o 
all trunk calls will be self-dialled. 

The national codes for Northern Ireland are based on sig 
nificant letters in the names of the 12 switching centres whic! 
will serve the 34 charging groups, e.g. OLO4 Londonderry 
OPN2 Portadown; OBE2 Belfast. 

The personal touch in the friendly telephone concept will b 
promoted by retaining nine manual trunk boards as assistance 
centres, but the economics of the scheme will be achieved b 
reducing the operating force from 700 to about 500; this” j 
being carefully planned in harmony with the Trade Unions t 
minimize hardship to the permanent staff, none of whom wil 
be dismissed. 

After 1963 the further extension here of subscriber trun 
dialling depends on the policy to be adopted for rural area: 
Once this is settled the facilities could be made available through 
out Northern Ireland within a few years, so that there is | 
prospect of a 100% s.t.d. system by 1967. The real difficulty i 
that of cost, and certain possibilities of minimizing it ar 
suggested: 

(i) Employing a cheaper form of register-translator which woul 


provide for automatic connection only between centres having — 
community of interest. 


(ii) Providing facilities for meter pulses to be sent back to th 
local exchange over two junctions in tandem, thus avoiding th 
necessity for every exchange to have a direct route to its grou 
switching centre. 


Next to cheaper calls the main advantage of subscriber trun 
dialling lies in speed, and no doubt future plans, such as for 
fast transit network, will provide for even faster operation. Th 
dialling of 11 or more digits is a comparatively slow process, ani 
techniques are already available which are much faster. Th 
question is whether these will have to wait for electroni 
exchanges. 

The popularity of subscriber trunk dialling is obvious fror 
the Bristol results, and extracts of interest are as follows: 


90% said they preferred subscriber trunk dialling. 


88% said they had no difficulty in distinguishing between th 
various tones. 


88% said it was easy to find the required national codes in th 
booklet provided. ae J 


83 % thought that the inclusion of letters in the national codes wa 
helpful. 


75% said that the layout of the new accounts was easy to unde! 
stand. 


This development is a major step forward in promoting greate 
use of the telephone. At Bristol on s.t.d. routes traffic increase 
by 40%; even on non-s.t.d. routes there was an increase of 257 
This, and other factors, demands a substantially increased num 
ber of long-distance circuits. It is as well, therefore, the 
engineers have made these cheaper to provide, since, in thi 
respect, human operators are more economical and achieve 
greater circuit occupancy. It is suggested that this is a factc 
to be explored. Even more important is the greater efficienc 
of human operators in conditions of breakdown or congestior 
presumably automatic alternative route switching will be incol 
porated in s.t.d. equipment. The current emphasis on keepin 
personal contacts with the public as close as possible has le 
to a greater number of assistance centres than can be econom 
cally justified. There will therefore always be compelling pre: 
sures to reduce the numbers, and experience elsewhere may b 


host valuable. This greater dependence on automation makes 
t not only essential that the new equipment should be even more 
‘eliable but that existing switching equipment should be main- 
ained at a higher standard. 

|| Mr. J. W. Dorrington also contributed to the discussion at 
3ristol. 

| Mr. D. A. Barron (in reply): The synchronization of the time 
/)f change from the day to the night tariff raised by Mr. Mason 
will be carried out by a clock located at each centre equipped 
be register-translators—about 500 centres for the whole 
jountry. Daily checks will be made to ensure that the change 
‘yas been carried out correctly. A call in progress when a tariff 
change is made will be charged for according to the tariff appro- 
priate to each period of the call. For example, a call made 
/vhen the day tariff is in force and extending until the night rate 
\ipplies will be charged first at the day rate and subsequently 
it the night rate. 

| In reply to Mr. Dallow I should mention that subscriber trunk 
\ialling is an additional service available to subscribers, and it 
will still be possible to pass calls through the operator for those 
who wish to do so. As in such cases the Post Office would not 
| alize the economies which arise from subscriber trunk dialling, 
lhe cheaper s.t.d. tariff would not apply. 

On the point raised by Mr. Steel, the meters used for recording 
he charge units for each subscriber are tested at regular intervals, 
‘while the accuracy of the pulse rates is checked at least twice 
‘ach day. 

|| The difficulty referred to by Mr. Long which arises when using 
he older designs of signalling systems is fully appreciated, and 
jater designs of signalling systems now being installed provide 
‘\n automatic busying facility. This facility is also provided on 
‘he a.f. circuits using loop-disconnect signalling between an 
originating exchange and its s.t.d. equipment at the group 
(witching centre. 

| The provision of sufficient capital to carry out the full pro- 
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gramme of conversion to automatic working mentioned by Mr. 
Burley of course involves other than purely technical considera- 
tions. However, a programme for full automatic working has 
been prepared, and the return for capital invested (particularly 
in subscriber trunk dialling) is sufficiently attractive to ensure 
a high priority for this project. 

Several speakers, including Messrs. Shaw and de Jong, refer 
to the trunk network and its adaptation to meet the needs of a 
fully automatic system. The initial installations of s.t.d. equip- 
ment were designed to fit into the present trunk network, which, 
of course, represents a large investment in line plant and 
exchange equipment. It is appreciated, however, that with a 
fully automatic system a number of improvements can be 
incorporated, particularly in the speed and accuracy of setting 
up trunk calls. Equipment incorporating high-speed register-to- 
register signalling and fast switching techniques is at present 
being developed and will be brought into service as soon as 
possible. The new equipment will provide for automatic alter- 
native routing, although some additional manual control may 
be necessary to meet the conditions envisaged by Mr. Phillips. 

Mr. de Jong gives some interesting statistics of the extent to 
which subscriber trunk dialling will be provided in Northern 
Treland during the next few years, and he rightly stresses the need 
for careful planning to minimize hardship to the staff. On the 
question of the extension of subscriber trunk dialling to rural 
areas the technical solutions have been worked out and the 
development of the necessary equipment is in hand. Although 
at first sight the ability to send back meter pulses over two 
junctions in tandem appears attractive, the technical problems 
involved in such a signalling system, together with the difficulty 
of obtaining, in all cases, a suitably low overall transmission loss 
for the two junctions, makes such a scheme uneconomic. 

On the number and location of manual assistance centres, I 
have no doubt that experience during the next few years will be 
most valuable to us in framing our long-term policy. 
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the Design of an Audio-Frequency Amplifier for High-Precision 
Voltage Measurement. Paper No. 3335 M. 

| S. HARKNESS AND F. J. WILKINS, B.A., B.Sc. 

| 


The specification and design of an amplifier required for precision 
\udio-frequency measurements is discussed. Formulae are presented 
lor the ‘ring of three’ feedback circuit and a detailed analysis is made 
if appropriate feedback theorems. A multi-gain amplifier which 
xtends the voltage range of the electrostatic voltmeters, used at the 
N.P.L. as basic a.c./d.c. transfer instruments, is described. An 
Qerease in this range of up to 1000 times is provided and enables 
loltages between 60mV and 60 volts in the frequency range 30c/s— 
\ a to be measured to a few parts in 104. 


JInstable Electron Flow in a Diode. 
R. J. Lomax, M.A., Ph.D. 


A perturbation analysis is used to demonstrate the instability of a 
ype of electron fiow in a plane diode known as C-overlap flow, which 
} predicted to be a possible flow in the approximation in which 
lectrons are emitted from the cathode with a uniform velocity. 


Monograph No. 402 E. 


PUBLISHED INDIVIDUALLY 


A New Approach to Kron’s Method of Analysing Large Systems. 
Monograph No. 403 E. 
R. ONODERA. 


Generally an electrical network is used as a model circuit for a 
physical field. This circuit is most complicated and the analysis of 
it is frequently difficult. ‘Diakoptics’, introduced by Kron, is very 
effective for analysis of the network. The method entails the opera- 
tion of ‘cutting’, which is generally classified into open-circuiting and 
short-circuiting. The latter operation is the dual of the former, but, 
as far as the author is aware, has not yet been reported in any of the 
literature. A method is described, based on Kron’s diakoptics, which 
uses the operation of open-circuiting, and is further extended to dual 
diakoptics treated by the operation of short-circuiting. Here a 
simplification of Kron’s diakoptics is attempted and a dual method is 
introduced. It seems that this attempt goes backwards in tensor 
geometry but forward in combinatorial topology. The first intention of 
the paper is to show the duality between diakoptics and codiakoptics. 


Audio Communication with Orthogonal Time Functions. 
No. 405 E. 
HENNING H. HARMUTH, Dipl.Ing., Dr. Tech. 


An audio signal may be decomposed into components having 
certain frequency and phase. Half the information of the signal is 
contained in the phase of the frequency components. Since the 
human ear is almost insensitive to phase, one may eliminate the phase 
information without causing a noticeable reduction in the signal 
quality. The elimination of the phase information implies a per- 
missible reduction of the bandwidth required for the transmission of 
the signal to one-half and a reduction of the signal power by 3dB 
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without increase of distortion due to additive white normal noise. 
A method for the elimination of the phase information is based on 
the decomposition of the audio signal by correlation with a set of 
orthogonal functions. These correlations yield for each orthogonal 
function one coefficient which is represented by a voltage. One may 
process these coefficients in analogue or digital computers to reduce 
further the bandwidth required for the transmission of audio signals 
with certain spectral distribution, e.g. voice signals. 


Optimum Combination of Pulse Shape and Filter to produce a Signal 
Peak upon a Noise Background. Monograph No. 407 E. 
H. S. Heaps, B.Sc., M.A. 


The paper concerns the generation of a signal pulse for transmission 
through a propagating medium and its subsequent detection as a 
single peak after it is received upon a noise background. It is supposed 
that the propagating medium behaves as a linear filter and that the 
noise background is independent of the signal. The pulse is con- 
veniently described as consisting of a central portion attached to a 
leading edge and a trailing edge. It is found that for a given length of 
central portion there is an optimum combination of transmitted pulse 
shape and predetection filter. The results are compared with those 
arising from the use of certain non-optimum systems, and it is found 
that the optimum system leads to a significantly high signal/noise ratio. 

The results of the paper imply that for the range of parameters 
considered it is advantageous to transmit a succession of short pulses 
of a determined form rather than a single smooth pulse. 


The Potential Distribution and Thermionic Current between Parallel 
Plane Emitters. Monograph No. 408 E. 
F. H. REYNOLDS, B.Sc.(Eng.). 


A thermionic system formed of two parallel plane emitters facing 
each other is analysed. By means of Tables, the distribution of 
potential between the emitters and the net space-charge-limited current 
which flows between them can be obtained for any values of emitter 
potential, temperature and saturation current density. The results 
are applied to practical problems including the thermo-electric and 
conductivity characteristics of oxide cathodes. 


Propagation along Unbounded and Bounded Dielectric Rods: Part 1— 
Propagation along an Unbounded Dielectric Rod. Monograph 
No. 409 E. 

P. J. B. CLARRICOATS, B.Sc.(Eng,), Ph.D. 


The paper describes a method for evaluating the propagation 
coefficients of an unbounded lossless dielectric rod of infinite extent. 
The propagation coefficients are obtained as a function of the ratio 
of rod radius to free space wavelength, r;/Ao, for the three lowest 
modes of propagation possessing fields with 6 dependence of the form 
e+tj6, The method of solution enables the form of the complete 
mode spectrum to be identified. It is also established that the pro- 
duct of the rod permeability and permittivity we, primarily determines 
the propagation behaviour; the ratio w/e has only a secondary effect. 
An expression is obtained for the distribution of transmitted power 
between the road and the surrounding space, and it is also demonstrated 
that the product we primarily determines this quantity. Correlation 
between power distribution and attenuation is demonstrated for a rod 
possessing small losses. 


Propagation along Unbounded and Bounded Dielectric Rods: Part 2— 
Propagation along a Dielectric Rod contained in a Circular Wave- 
guide. Monograph No. 410 E. 

P. J. B. CLarricoats, B.Sc.(Eng.), Ph.D. 


The paper describes both approximate and exact methods for 
evaluating the phase-change coefficients of a circular waveguide con- 
taining an axial dielectric rod. Close correlation is found between 
the phase-change coefficients of this waveguide structure and those of 
an unbounded rod over a wide range of rod radii. The correlation 
enables an unambiguous classification of the modes of an unbounded 
rod to be made. Exact and perturbation expressions are derived for 
total transmitted power, power distribution and attenuation in the 
dielectric-rod-waveguide structure. Correlation with the attenuation 
coefficients of an unbounded rod is again predicted. The application 
of the results of the paper to ferrite devices is briefly mentioned. 


The Launching of Surface Waves by a Magnetic Line Source. 
graph No. 411 E. 
C. M. ANGULO and W. S. C. CHANG. 


The paper deals with the idealized problem of the excitation of 


Mono- 
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surface waves along two infinite, identical, separate and parallel! 
dielectric slabs by a magnetic line source (slot). The problem is 
reduced to a superposition of simpler ones, namely two parallel slabs} 
with symmetrical excitation and two parallel slabs with antisymmetrical| 
excitation. | 

The simplified problems are solved by the modal-analysis approach 
and the synthesis of the modal components is carried out to obtain 
the far fields excited by the magnetic line. 

Radiation pattern, total power of the surface waves, total radiation! 
loss and the efficiency of launching the surface wave are derived and 
computed numerically for various thicknesses of the slabs, various 
air-gaps between the slabs and different positions of the magnetic ling 
source. The theoretical results indicate that, for each thickness of thel 
slabs, high efficiency is obtained with an optimum location of the 
source and an optimum air-gap. Moreover, the thicker the slabs 
the higher is the maximum efficiency. The thickness of the slabs anc 
the air-gap are ultimately limited by the requirement that only on¢ 


surface wave should exist for the structure. | 
vi @ 


The Output Spectral Density of a Detector operating on a F.M. C.W! 
Radar Signal in the Presence of Band-Limited White Noise’ 
Monograph No. 412 E. q 
J. Lair, M.A., and A. J. HYMANS, M.Sc. 


A method of analysis suggested by Lawson and Uhlenbeck is usec 
to examine the interaction between reference signal, echo and noise ir 
the detector stage of a frequency-modulated c.w. radar receiver. 

The paper gives a method of approximation which may be used ii) 
most practical cases and states the restrictions on system parameter) 
for which the approximations are valid. .& 

Expressions for spectral density are derived separately for bot!) 
quadratic and linear detectors, and the question of optimum pre} 
detector bandwidth is examined. Finally, the authors consider hoy 
signal/noise ratio will be affected by choice of bandwidth in stag 
which follow the detector. é 


| 
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The Algebra and Topology of Electrical Networks. 
No. 414 E. 
P. R. BRYANT, M.A., M.Sc. 


An integrating paper is presented, gathering together the variou! 
results and methods used in an elementary algebraic and topologica 
study of electrical networks. Considerations are restricted to networ 
containing a finite number of lumped resistors, capacitors and self ani 
mutual inductors. The result is a connected logical presentatio! 
leading, by use of the concepts of incidence, loop and cut-set matrices 
to the corresponding nodal, loop and cut-set analysis methods. 


Monograp! 


The Indeterminacies of Measurements using Pulses of Coherent Electro 
magnetic Energy. Monograph No. 417 E. ; 
R. MADDEN, B.S. : 


The measurements. on a single pulse function of electromagnet 
radiation, of the position of a scatterer with polar co-ordinates R, ¢ 
are indeterminate in themselves. The positional indeterminaci 
are related by ARA¢ ~ 4);, where A; is the wavelength of the source 
The relation between the indeterminacies of range R and ra 
velocity V, is found to be ARAV, ~ 4A;c. It is shown that vecte 
position and vector velocity are not measurable simultaneously, ani 
it is suggested that the 3-dimensional measurement problem is basicall 
limited to non-simultaneous measurements which have restrictions i) 
the presence of multiple scatterers. Similarity is noted to the quantum 
mechanical problem. 


Frequency Spectrum Distortion of Random Signals in Non-Linea 
Feedback Systems. Monograph No. 419 M. 
J. C. West, Ph.D., D.Sc., J. L. Douce, Ph.D., B.Sc., and B. G 
LEARY, B.E. 


The paper considers the distortion introduced by torque saturatio} 
in a servo mechanism when responding to a randomly varying inpu 
signal, with emphasis on the spectral distribution of this distortion 
It is shown that low-frequency errors are produced by the application o 
an input signal whose spectrum extends beyond the pass-band of th 
system. 

An approximate expression is derived which enables the magnitud 
of the low-frequency errors to be evaluated in a simple mannei 
Experimental results are presented for a particular system. 


| \BBREVIATIONS 

p)—Address, lecture or paper. 
\>)—Discussion on a paper. 
‘a}—Abstract of paper or address. 


A 


Bic. networks. (See Networks.) 
‘— operation of ion chambers. 
-— servo systems. (See Servo.) 
_ \Dams, R. W. Recognition of moving vehicles by electronic means. 
- (), 386. 


(See Ion.) 


| Cottepce, T. A. P., as chairman of Mersey and North Wales 
| Centre. 16. 

JACKSON, Sir WILLIS, as President. 1. 

MALLINSON, W. D., as chairman of Southern Centre. 19. 

| WyttE, T. S., as chairman of Northern Ireland Centre. 14. 

Aerial connected directly to coaxial cable, performance of. G. D. 
MonrTEATH and P. KNIGHT, (P), 21. 

\.F., R.F. and V.H.F. ranges, measurement of impedance in. (0), 
1 e225, 

Atpous, W. H., Roacu, R. G., Wess, J. B., GOODCHILD, F. D., and 
WALKER, H.S. (See WALKER.) 

_ Acpricu-SmitH, R. N., Hewrrr, E. J. R., Rutrer, C. D., 
Wricut, R.D. (See RUTTER.) 

, ae a LioreT, J. L., and Sanresmasss, J. G. (See SANTES- 


and 


|= a Method for predicting characteristics of tape structures. 
"| (@), 295. 

B Amplifier, d.c., with high gain and large dynamic range. 
| HUTCHEON and D. Summers, (P), 451; (D), 464. 

_-—-, travelling-wave parametric. A. L. CULLEN, (e), 101; (@), 123. 
'—, travelling-wave parametric, saturation effects in. A. JuRKUs 
__ and P. N. Rosson, (P), 119; (D), 123. 

Amplifiers and convertors, comparison of gain, bandwidth and noise 
figure of. J.D. PEARSON and J. E. HALLETT, (P), 305. 

_-—-; travelling-wave ferromagnetic. (0), 123. 

Amplitude and phase measurement in the v.h.f.-u.h.f. band, G. D. 
|  MontTeatu, D. J. WHytTHE.and K. W._T. HuGues, (P), 150. 
Analogue electronic multiplier. (See Multiplier.) 


Tee. 


‘Analogy between non-linear resistive and linear a.c. networks. D. Q. 

| Mayne, (P), 410. 

‘Anode luminescence in oxide-cathode receiving valves. H. N. 
DAGLISH, (P), 481. 


‘Arithmetic unit using a saturated-transistor fast-carry circuit. T. 
Kaipurn, D. B. G. Epwarps and D. AsPINALL, (P), 573; (D), 
605. 

ASPINALL, D., KILBURN, T., and Epwarps, D. B. G.. (See KILBURN.) 
Aural comparison method of measuring atmospheric noise. J. 
Harwoop and B. N. HARDEN, (P), 53. 
\Automatic denier recorder. (See Denier.) 
|—— sensitivity control. (See Sensitivity.) 
/Axial excitation, paraboloidal reflectors with. 
___I. P. Frencu and D. MmcL_Ley, (P), 547. 
‘Axon, F., and Barron, O. H. Planning and installation of sound 
broadcasting headquarters for the B.B. C s Overseas and European 
services. (P), 485; (D), 498. : 


A. R. DONALDSON, 


B 


Band V (610-960 Mc/s), slot-excited corner reflector for use in. D. J. 
_ WhHyTuE and K. W. T. HuGues, (P), 431. 
Ff 


INDEX TO VOLUME 107, 
1960 


PART B 


Bandwidth, narrow, atmospheric radio noise received in. C. CLARKE, 
(), 311. 

— of amplifiers and convertors, comparison of. J. D. PEARSON 
and J, E. HALLETT, (P), 305. 

BaArLow, H. E. M. 

Non-reflecting waveguide tapers. (Pp), 515. 
Physical classification of electromagnetic waves. 
tion), 552. 

Surface waves: a proposed definition. 
Waveguide modes. (D), 91. 

Bar_ow, H. E. M., Erremey, H. G., and HARGRAVE, P. H. Use of 
wire-wound helix to form a circular Ho; wavemeter cavity. 
(Communication), 66. 

Barron, D. A. Subscriber trunk dialling. (D), 635. 

Barron, O. H., and Axon, F. (See Axon.) 

B.B.C.’s Overseas and European services, sound broadcasting head- 
quarters for. F. Axon and O. H. Barron, (P), 485; (D), 496. 

Beaumont, E. A. Sound broadcasting headquarters for B.B.C.’s 
Overseas and European services. (D), 497. 

BENSON, F. A., and CHALMERS, P. M. Impedance/frequency charac- 
teristics of glow-discharge reference tubes. (®), 199. 

BickLey, J. Measurement of transistor characteristic frequencies in 
the 20-1000 Mc/s range. (P), 301. 

Bmuuincs, A. R., and Lioyp, D. J. Correlator employing Hall 
multipliers applied to analysis of vocoder control signals. (®), 
435. 

Biological aspects of microwave radiation. (See Microwave.) 

Bircu, L. Theory of solid-state masers. (), 352. 

Bolometer, coaxial film, for measurement of power in u.h.f. band. 
I. A. Harris, (2), 67. 

BRADSHAW, E., WAGSTAFF, M., and Cooke, F. Train performance 
computer. (D), 20. 

Bray, W. J. 

Frequency patterns for multi-radio-channel routes. 
Henri de France colour television system. (D), 507. 

Broadcasting, v.h.f. sound. R. V. Harvey, (’), 412; (), 421. 

— (sound) headquarters for B.B.C.’s Overseas and European 
services. F. Axon and O. H. Barron, (P), 485; (Dd), 496. 

——, valves with thoriated filaments for use in. H. S. WALKER, 
W. H. Atpous, R. G. Roacu, J. B. WEBB and F. D. GOODCHILD, 
(P), 172. 

Brown, C. S. Frequency variations of quartz oscillators. 

Brown, J. Waveguide modes. (bD), 92. 

Brown, J., and Srnsa, J. K. (See SmNnHA.) 

BROWNLEE, J.D. Thermistors. (D), 406. 

Buck, G. A., and RicHarps, D. L. (See RICHARDS.) 

BurLey, N. Subscriber trunk dialling. (b), 634. 

BuTCHER, P. N. Theory of solid-state masers. (P), 341. 


(Communica- 


(Communication), 240. 


(D), 249. 


(p), 234. 


c 


Cable, coaxial, performance of balanced aerial connected directly to. 
G. D. MonrTEATH and P. KNIGHT, (P), 21. 

Caesium standard, N.P.L., frequency variations of quartz oscillators 
compared with. L. Essen, J. V. L. PArry and J. McA. STEELE, 
(P), 229; (D), 232. 

Capacitance, precision measurement of. 
Forp, (P), 185. 

CARDWELL, T. C., Smrru, J. R. W., and Kinc, G. H. Experimental 
transistor-controlled component selection and testing machine. 
(®), 608; (D), 614. 

CarntT, P. S. Henri de France colour television system. (D), 510. 

CARPENTER, C. J. Formulae of electromagnetism in M.K.S. system. 
(p), 337. 


G. H. RAYNER and L. H. 


[ 637 ] 


638 


CASSAGNE, P., and CHASTE, R. (See CHASTE.) 

Cathode-ray tube for monochrome and colour television. (b), 84. 

Cavity-resonator method for measuring permittivity. J. K. SINHA 
and J. Brown, (P), 522. 

Centre Chairmen’s Addresses. 14. 

Ceramics, dielectric properties of, at Q-band frequencies. 
and G. B. WALKER, (P), 354. 

CHALMERS, P. M., and BENSON, F. A. (See BENSON.) 

Channels, fading, phase-shift keying in. H. B. VoELCKER, (P), 31. 

CHAPLIN, G. B. B. D.C. amplifier with high gain and large dynamic 


J. M. FREE 


range. (D), 461. 

CHAPMAN, D. J. R., WHITEHEAD, A. A. M., and Prior, H. T. (See 
PRIOR.) 

CHAPMAN, F. T. Formulae of electromagnetism in M.K.S. system. 
(D), 337. 

Characteristics of tape structures, method for predicting. J. ALLISON, 
(p), 295. 


Cuaste, R., and CassaGne, P. Henri de France colour television 
service. (P), 499; (D), 511. 

CuerrRY, E. C. Classes of 4-pole networks having non-linear transfer 
characteristics but linear iterative impedances. (P), 26. 

CuurcH, H. F. Long-term stability of fixed resistors. (P), 377. 

Circuit, high-accuracy, for measurement of impedance, discussion on. 
225. 

—— logic, ferroresonant systems of. 
and J. L. Liorer, (e), 190. 
—, saturated-transistor fast-carry, parallel arithmetic unit using. 

T. Kitsurn, D. B. G. Epwarps and D. AsPINALL, (P), 573; 


J. G. SANTESMASES, M. ALIQUE 


(D), 605. 
CLARKE, C. Atmospheric radio noise received in a narrow bandwidth 
at 11 Mc/s. (®), 311. 


CLARRICOATS, P. J. B. Parametric amplifiers. (b), 126. 

Classification of electromagnetic waves. (See Waves.) 

— of waveguide modes. (See Waveguide.) 

CLIFFORD, F.G. Frequency variations of quartz oscillators. 

Coaxial film bolometer. (See Bolometer.) 

COHEN, E., and JENKINS, R. O. Corona discharge and its application 
to voltage stabilization. (P), 285. 

CoLLEDGE, T. A. P. Address as chairman of Mersey and North 
Wales Centre. 16. 

Colour television. (See Television.) 

Comb filter. A. G. J. MACFARLANE, (P), 39. 

Component selection and testing machine. T.C. CARDWELL, J. R. W. 
SmiTH and G. H. Kina, (®), 608; (D), 613. 

Computer, train performance. (Db), 20. 

Convertors, amplifiers and, comparison of gain, bandwidth and noise 
figure of. J.D. PEARSON and J. E. HALLETT, (P), 305. 

Cooxe, F. BRADSHAW, E., and WacsrTArr, M. (See BRADSHAW.) 

COOKE- YARBOROUGH, E. H. 
D.C. amplifier with high gain and large dynamic range. (D), 462. 
Digital-computer storage systems, etc. (D), 606. 

Cooper, W. FoRDHAM. Component selection and testing machine. 


(D), 233. 


(D), 614. 
Cooper, V. J. Henri de France colour television system. (D), 508. 
Copparpb, A. H. Component selection and testing machine. (pb), 614. 
CorkE, R. L. Frequency variations of quartz oscillators. (Db), 232. 


Corona discharge and its application to voltage stabilization. E. 
COHEN and R. O. JENKINS, (P), 285. 

Correlator employing Hall multipliers for analysis of vocoder control 
systems. A. R. BILLINGs and D. J. LLoyp, (p), 435. 

Cosmic radiation. C. F. Powe Lt, (p), 389. 

Coveney, A. J. Monitoring loudspeakers. 

CROWTHER, F. Thermistors. (pb), 408. 

CULLEN, A. L. 


(D), 83. 


Cathode-ray tube for monochrome and colour television. (b), 84. 
Theory of the travelling-wave parametric amplifier. (P), 101; 
(p), 125. 
D 
DaGuisH, H. N. Anode luminescence in oxide-cathode receiving 
valves. (P), 481. 
Darn, J. Parametric amplifiers. (Db), 124. 


INDEX TO VOLUME 107, PART B 


DALLow, J. C. Subscriber trunk dialling. (b), 633. 

Daves, B. J., Roppins, R. C., WALLIS, C., and Witpg, R. W. Hig 
resolution measuring system using coarse optical gratings. { 
624. 

Dawson, G. Frequency patterns for multiple-radio-channel rout 
(pD), 250. 

D.C. amplifier. (See Amplifier.) 

DE JonGc, N. C. C. Subscriber trunk dialling. (pb), 634. 

Denier recorder, automatic, for synthetic textile yarns. C.D. Rutm 
R. D. Wricut, R. N. ALDRICH-SMITH and E. J. R. Hewr 
(P), 466. 

Dickinson, D. W. L. Theory of solid-state masers. 

Dielectric properties of ceramics. (See Ceramics.) 

Diffusion of sound. (See Sound.) 

Digital computer store with very short read time. 
R. L. GrimsDALE, (P), 567; (D), 605. 

Distortion due to multi-path propagation in f.m. reception. R. 
Harvey, (P), 412; (dD); 421. 

— of frequency-modulated waves. (See Waves.) 

DonaLpson, A. R., FRENCH, I. P., and MipGiey, D. Paraboloi 
reflectors with axial excitation. (P), 547. 


(dD), 353. 


T. KILBURN a 


E 


EAGLESFIELD, C. C., KLINGER, Y., and SOLYMAR, L. New Hjo-to-f 
mode transducer. (e), 512. 

Earth’s rotation, frequency variations of, in terms of the N.P 
caesium standard. L. Essen, J. V. L. PARry and J. McA. STEE 
(P), 229; (dD), 232. 

Eaton, J. L. Theory of solid-state masers. 

Echo tests, telephone. (See Telephone.) 

Epwarps, D. B. G., ASPINALL, D., and KitpurN, T. (See KILBuR 

Epwarps, D. B. G., LANIGAN, M. J., and Kitpurn, T.  Ferrite-c 
memory systems with rapid cycle times. (P), 585; (D), 607. 

ErremMey, H. G. HarGrave, P. H., and BArLow, H. E. M. (¢: 
BARLOW.) 

E_pripGe, D. Digital-computer storage systems, etc. 

Electrical units and standards. (See Units.) 

Electroluminescent storage systems. (See Storage.) 

Electromagnetic waves. (See Waves.) 

Electromagnetism, formulae of, in M.K.S. system. P. VIGOUREI 
(e), 331; (D), 337. 

Electron-trajectory tracer, improvement to. 
TAYLOR, (P), 181. 

Electronic means of recognizing moving vehicles. (D), 386. 

Engineering, weapon systems. W. D. MALLINSON, (A), 19. 

Engineers, professional, making of. Sir WiLLIs JACKSON, (P), 1. 

Essen, L., PARRY, J. V. L., and STEELE, J. McA. Frequency variatic 
of quartz oscillators and the earth’s rotation in terms of | 
N.P.L. caesium standard. (P), 229; (b), 234. 

European and Overseas services, B.B.C.’s. (See Broadcasting.) 

Evans, D. J. E. Formulae of electromagnetism in M.K.S. syste 
(dD), 337. 

Evans, G. O., NAISMITH, R., and HitcHcock, R. J. 

Evans, J. Thermistors. (pb), 406. 


(D), 352. 


(p), 606. 


J. Vine and R, 


(See Hircucoc 


r 
FAuLKNER, H. Analogue multiplier with transistors as modulate 
(p), 100. 
Ferrite-core memory systems with rapid cycle times. 
Epwarps, M. J. LANIGAN and T. KiLBurNn, (P), 585. 
Ferroresonant systems of circuit logic. J.G.SANTESMASES, M. ALIQ 
and J. L. Liorer, (p), 190. 


DowB: 


Field-strength measurements over paths in the Irish Sea. J. K. 
JowETT, (P), 141. 
Fioop, J. E. Digital-computer storage systems, etc. (D), 605. 


Fluxes, high, a.c. operation of ion chambers at. J. WATSON, (P), 2 
F.M. reception, distortion due to multi-path propagation in. R. 
Harvey, (P), 412; (p), 421. 


Forpb, L. H., and RAYNER, G. H. (See RAYNER.) 


INDEX TO VOLUME 107, PART B 


ormulae of electromagnetism. (See Magnetism.) 

IWLER, E. P. D.C. amplifier with high gain and large dynamic 
range. (D), 463. 

2EE, J. M., and WALKER, G. B. Determination of the dielectric 
properties of low-loss ceramics at Q-band frequencies. (P), 354. 

ZEELAND, M. M. Sound broadcasting headquarters for B.B.C.’s 
Overseas and European services. (D), 497. 

ZEEMAN, G. F. Formulae of electromagnetism in M.K.S. system. 
(v), 338. 

2ENCH, I. P., MupcLey, D., 
DONALDSON.) 

equency bands 8:2-12-4Gc/s, 12-:4-18Gc/s and 26:5-40Gc/s, 
milliwattmeters for. JI. Lemco and B. RoGAL, (P), 427. 

—-modulated continuous-wave ranging system, analysis of. 
A. J. Hymans and J. Larr, (P), 365. 

—-modulated waves with a single tone, distortion of. R. G. 
Mepuurst, (P), 155. 

— patterns for multiple-radio-channel routes. 
(P), 241; (D), 249. 

—range 30-1000 Mc/s, radio noise as source of interference in. 
F. Horner, (P), 373. a 

— -selective terminations. 

—- yariations of quartz oscillators. 
J. McA. STEELE, (P), 229; (dD), 232. 

quencies, predicted and observed, for use in radiocommunication, 
discrepancies between. R. J. HircHcock, G. O. EvAns and 
R. NAIsMITH, (P), 423. 

—, transistor characteristic, measurement of. J. BIcKLEy, (P), 301. 


and DoNALDSON, A. R. (See 


B. B. JACOBSEN, 


(See Terminations.) 
L. Essen, J. V. L. PARRY and 


G 


ABOR, D., STUART, P. R., and KALMAN, P. G. Cathode-ray tube 
for monochrome and colour television. (b), 84. 

ain, bandwidth and noise figure of amplifiers and convertors, 
comparison of. J. D. PEARSON and J. E. HALLETT, (P), 305. 

—, high, and large dynamic range, d.c. amplifier with. I. C. 
HUTCHEON and D. Summers, (P), 451. 

EIGER, G. V., LA FRENAIS, N. D., and Lucas, W. J. Propagation 
measurements at 3480 and 9640 Mc/s beyond the radio horizon. 
(), 531. 

ERRARD, C. P. Digital-computer storage systems, etc. (D), 606. 

LEGHORN, P. Analogue electronic multiplier using transistors as 
square-wave modulators. (P), 94; (p), 100. 

low-discharge tubes, impedance/frequency characteristics of. F. A. 
BENSON and P. M. CHALMERS, (P), 199. 

OLDsMID, H. J. Thermistors. (p), 407. 

OODCHILD, F. D., WALKER, H. S., ALDous, W. H., RoAcn, R. G., 
and Wess, J.B. (See WALKER.) 

ouRIET, G. G., and NEWELL, G. F. Quadrature network for 
generating vestigial-sideband signals. (P), 253; (D), 283. 

reat Britain, telephone system in. (See Telephone.) 

RIFFITH, G. W. S. Frequency patterns for multiple-radio-channel 
routes. (p), 250. 

RIMSDALE, R. L., and KiLBURN, T. (See KILBURN.) 

ROSSETT, W. Frequency patterns for multiple-radio-channel routes. 
(p), 250, 


H 


ALE, A. P. V.H.F. sound broadcasting. (bp), 421. 

all multipliers, correlator employing. A. R. Bmuincs and D. J. 
Luioyp, (P), 435. 

ALLETT, J. E., and PEARSON, J.D. (See PEARSON.) 

ALSEY, R. J. Theory of solid-state masers. (D), 352. 

AMMOND, P. Formulae of electromagnetism in M.K.S. system. 
(pv), 337. 

ARDEN, B. N., and HARwoop, J. (See HARWOOD.) 

ARGRAVE, P. H., BARLow, H. E. M., and Erremey, H. G. 
BarLow.) 

ARRIS, I. A. Coaxial film bolometer for measurement of power in 
the u.h.f. band. (Pp) 67. 

ARRISON, D. N., and HutcHEon, I. C. (See HUTCHEON.) 


(See 


639 


Harvey, A. F. Industrial, biological and medical aspects of micro- 
wave radiation. (Pe), 557. 

Harvey, R. V. V.H.F. sound broadcasting. (P), 412; (dD), 422. 

Harwoop, J., and HARDEN, B. N. Measurement of atmospheric 
radio noise by aural comparison method in the range 15-500 ke/s. 
(P), 53. 

Hayes, E. W. Sound broadcasting headquarters for B.B.C.’s Over- 
seas and European services. (D), 497. 

Helix, wire-wound, use of, to form a circular Ho; cavity. H.E.M. 
Bartow, H. G. Erremey and P. H. HARGRAVES (Note), 66. 
Henri de France colour television system. R. CHASTE and P. 

CASSAGNE, (P), 499; (D), 507. 

HerRING, G. Analogue multiplier with transistors as modulators. 
(pv), 100. 

Hewitt, E. J. R., Rutrer, C. D., WRIGHT, R. D., and ALDRICH- 
SmiTH, R. N. (See RUTTER.) 

Hices, G. R. Train performance computer. 

High-power transmitting valves. (See Valves.) 

Hircucock, R. J., Evans, G. O., and NatsmiTH, R. Sunspot-cycle 
variations in the discrepancies between predicted and observed 
frequencies for use in radiocommunication. (P), 423. 

HoFFMAN, G. R., SmirH, D. H., and Jerrreys, D. C. High-speed 
light output signals from electroluminescent storage systems. 
(P), 599. 

Homes, M. F., and ReYNoLps, F. H. Post Office valves for deep- 


(pd), 20. 


water submarine telephone repeaters. (P), 165. 
HORNER, F. 
Design and use of instruments for counting local lightning flashes. 
(@), 321. 


Extra-terrestrial radio noise as a source of interference in the 
frequency range 30-1000 Mc/s. (P), 373. 

Howson, D. P., and Tucker, D. G. Rectifier modulators with 
frequency-selective terminations. (e), 261; (dD), 284. 


HuaGues, K. W. T., MONTEATH, G. D., and WuHyYTHE, D. J. (See 
MONTEATH.) 
Hucues, K. W. T., and WHyTHE, D. J. (See WHYTHE.) 
HutcuHeon, I. C., and Harrison, D. N. 
Thermistors. (D), 407. 
Transistor quadrature suppressor for a.c. servo systems. (P), 73. 


Hurcueon, I. C., and Summers, D. Low-drift transistor chopper- 
type d.c. amplifier with high gain and large dynamic range. 
(), 451. 

Hype, J. F. Parametric amplifiers. (p), 124. 

Hymans, A. J., and Larr, J. Analysis of frequency-modulated 
continuous-wave ranging system. (P), 365. 


I 


Impedance/frequency characteristics of glow-discharge reference tubes. 
F. A. BENSON and P. M. CHALMERS, (P), 199. 

——,, high-accuracy circuit for measurement of. (D), 225. 

Industrial, biological and medical aspects of microwave radiation. 
A. F. Harvey, (P), 557. 

Input impedance of rectifier modulators. 
(p), 281. 

Instruments for counting local lightning flashes, design and use of. 
F. Horner, (P), 321. 

Interference, extra-terrestrial radio noise as source of. FF. HORNER, 
(Pe), 373. 

Ion chambers, a.c. operation of, at high fluxes. J. WATSON, (P), 216. 

Irish Sea, field-strength measurements over. J. K.S. Jowett, (r), 141. 


D. G. Tucker, (P), 273; 


J 


JACKSON, Sir WiLLis. Address as President. 1. 


JACOBSEN, B. B. 


Frequency patterns for multiple-radio-channel routes. (P), 241; 
(pd), 251. 
Modulation. (Dp), 281. 


JEFFREYS, D. C., HOFFMAN, G. R., and SmirH, D. H. (See HOFFMAN.) 


JENKINS, R. O., and COHEN, E. (See COHEN.) 


640 


JESTY SLAG? 
Henri de France colour television system. (D), 510. 
Relation between picture size, viewing distance and picture quality 
[television]. (p), 19. 
JONSCHER, A. K. Thermistors. (Dd), 406. 
Jowett, J. K. S. V.H.F. field-strength measurements over paths in 
the Irish Sea involving mountain obstacles. (®), 141. 
Jurxus, A., and Rosson, P. N. Saturation effects in travelling-wave 
parametric amplifier. (P), 119; (D), 125. 


K 


KALMAN, P. G., GABor, D., and Stuart, P. R. (See GABorR.) 

Karpowlsk, A. E. Classification of waveguide modes. (P), 85; 
(D), 92. 

Karo, D. High-accuracy circuit for measurement of impedance. 
(D), 225. 

Kelvin lecture (51st). C.F. Powe Lt, (P), 389. 

Kart, F. Propagation of high-frequency radio waves to long distances. 
(Pe), 127. 

KiLpurn, T., Epwarps, D. B. G., and AsPINALL, D. Parallel arith- 


metic unit using a saturated transistor fast-carry circuit. (P), 573; 
(dD), 607. 

Kitpurn, T., Epwarps, D. B. G., and LANIGAN, M. J. (See 
EDWARDS.) 


Kitpurn, T., and GrimspALez, R. L. Digital computer store with 
very short read time. (®), 567; (D), 607. 

KiLvincTOoN, T. Henri de France colour television systems. (D), 510. 

Kina, G. H., CARDWELL, T. C., and SmirH, J.R.W. (See CARDWELL.) 

Kitcuin, H. D. Monitoring loudspeakers. (b), 83. 

Kuincer, Y., SOLYMAR, L., and EAGLESFIELD, C.C. (See EAGLESFIELD.) 

Klystron, two-cavity, operating under large-signal conditions, investi- 
gation of. I. M. STEPHENSON, (P), 60. 

KniGut, P., and MonrgeaTH, G. D. (See MONTEATH.) 


L 


La Frenais, N. D., Lucas, W. J., and GricerR, G. V. (See GEIGER.) 
Larr, J., and Hymans, A. J. (See HyMans.) 
LANIGAN, M. J., Ki~purn, T., and Epwarps, D. 
EDWARDS.) 
Layton, J. M. Modulation. (pb), 283. 
Lemco, I., and Roca, B. Resistive-film milliwattmeters for fre- 
quency bands 8:2-12-4Gc/s, 12-4-18Gc/s and 26-5-40Ge/s. 
(2), 427. 
Leste, W. H. P. 
High-accuracy circuit for measurement of impedance. 
Thermistors. (D), 407. 
Lew, L. 
Formulae of electromagnetism in M.K.S. system. (D), 339. 
Quasi-optical methods at millimetre wavelengths. (Summary), 91; 
(pd), 93. 
Theory of solid-state masers. 
Waveguide modes. (pd), 93. 
Light output signals from electroluminescent storage systems. G. R. 
Horrman, D. H. Smrru and D. C. Jerrreys, (P), 599. 
Lightning flashes, local, instruments for counting. F. Horner, (P), 
321. 
Line-communication equipment, application of transistors to. (D), 
$11. 
Linear iterative impedances, networks with. (See Networks.) 
Links, broadband, for commercial television in Northern Ireland. 
T. S. Wye, (A), 14. 
Lioret, J. L., SANTESMASES, J. G., and ALIQUE, M. (See 
SANTESMASES. ) 
Lioyp, D. J., and Briines, A. R. (See BILLINcs.) 
Lone, H. W. -Subscriber trunk dialling. (b), 633. 
Loudspeakers, monitoring. (D), 83. 
LOUGHHEAD, W. A. E. Digital-computer storage systems, etc. 
(pD), 606. 
Lucas, W. J., GEIGER, G. V., and LA FRENAIs, N. D. (See GEIGER.) 
Luminescence (anode) in receiving valves. H. N. DAGLIsH, (P), 481. 


B. G. (See 


(p), 225. 


(v), 352. 


INDEX TO VOLUME 107, 


PART B 


LyaLL, A. M. Train performance computer. (D), 20. 


Lyncu, A. C. Thermistors. (Dp), 406. 


M 


MACFADYEN, K. A. Formulae of electromagnetism in M.K.S. syste 
(D), 339. 
MACFARLANE, A. G. J. Analysis of type of comb filter. (e), 39. 
McGreevy, T. Formulae of electromagnetism in M.K.S. syste 
(D), 338. 
MacKenzig, K. A. Application of transistors to line-commnnnices 
equipment. (D), 511. 
McLean, F. C. 
Sound broadcasting headquarters for B.B.C.’s Overseas < 
European services. (D), 496. 
V.H.F. sound broadcasting. (D), 421. 
McMmiian, W. I. D.C. amplifier with high gain and large dynai 
range. (D), 463. ~ 
Mappock, A. J. 
D.C. amplifier with high gain and large dynamic range. (D), 4 
Thermistors. (D), 405. 
MALLINSON, W. D. Address as chairman of Southern Centre. 1! 
Masers, solid-state, theory of. P. N. Burcuer, (P), 341; (dD), 352. 
Mason, D. H. Subscriber trunk dialling. (D), 633. 
Maurice, D. Modulation. (p), 282. 
Maurice, R.D.A. Henri de France colour television system. (D), 5 
Mayne, D. Q. Analogy between non-linear resistive and linear : 
networks. (P), 410. 
Measurement of amplitude and phase. G. D. MONrTEATH, D. 
WHYTHE and K. W. T. HucGues, (P), 150. 
— of capacitance. G.H. RAyYNeR and L. H. Forp, (p), 185. 
— of field strength over Irish Sea. J. K. S. Jowett, (P), 141. 
— of impedance. (p), 225. 
— of permittivity. (See Permittivity.) 
— of power. (See Power.) 
—— of propagation. (See Propagation.) 
—— of radio noise. (See Radio.) 
— of transistor characteristic frequencies. J. BICKLEY, (P), 301. 
Measuring system, high-resolution. B. J. DAvres, R. C. Rossi 
C. WALLIs and R. W. WiLpg, (P), 624. 
— system using coarse optical gratings. B. J. Davis, R. 
Rossins,.C. WALLIS and R. W. WILDE, (P), 624. 
MEeEDHUuRST, R. G. 
Frequency patterns for multiple-radio-channel routes. (D), 25 
Fundamental and harmonic distortion of waves frequen 
modulated with a single tone. (P), 155. 
Medical aspects of microwave radiation. (See Microwave.) 
MeLtor, S. D. Relation between picture size, viewing distance < 
picture quality [television]. (p), 19. 
Memory systems with rapid cycle times. D. B. G. EDWARDs, i" 
LANIGAN and T. KiLBurNn, (P), 585; (D), 605. 
Mica capacitor failures, mechanisms of. A. A. NEw, (P), 357. | 
Microwave radiation, industrial, biological and medical aspects 
A. F. Harvey, (pP), 557. 
Mc try, D., DONALDSON, A. R., and FRENCH, I. P. (See DONALDsC¢ 
MILLINGTON, G. 
Frequency patterns for multiple-radio-channel routes. (pb), 251 
Theory of solid-state masers. (D), 352. 
V.H.F. sound broadcasting. (p), 421. 
Milliwattmeters, resistive-film, for frequency bands 8-2-12:4G 
12:4-18Gc/s and 26:540Gc/s. I. Lemco and B. Roa 
(e), 427. 
M.K.S. system, development of formulae of electromagnetism 
P. ViGOUREUX, (P), 331; (D), 337. 
Mode transducer (H19-to-H29). CC. C. EAGLESFIELD, Y. KLINGER ; 
L. Sotymar, (P), 512. 
Modulation products in rectifier modulator, calculation of. D. 
Howson and D. G. Tucker, (p), 261. 
Modulators, analogue multiplier using transistors as. 
(e), 94; (p), 100. 
——, rectifier, input impedance of. D.G. Tucker, (P), 273; (D), 2 
——., rectifier, with frequency-selective terminations. D. P. How: 
and D. G. Tucker, (P), 261; (D), 281. 


P. GLEGHO 


Mor, J. V.H.F. sound broadcasting. (p), 421. 

Monochrome and colour television. (See Television.) 

Monographs published individually. 227, 320, 387, 484, 635. 

|MontTEatTH, G. D. 

| Henri de France colour television system. (p), 510. 

Modulation. (p), 281. 

‘MonreaTH, G. D., and Knicut, P. Performance of balanced aerial 

| when connected directly to a coaxial cable. (pP), 21. 

(MonTEATH, G. D., WHYTHE, D. J., and Hucues, K. W. T. Method 

of amplitude and phase measurement in the v.h.f.-u.h.f. band. 

| (e), 150. 

‘Moran, K. Formulae of electromagnetism in M.K.S. system. 
(v), 339. 

Mountain obstacles, field-strength measurements involving. J. K. S. 

| JowETT, (P), 141. 

Multiplier, analogue electronic, using transistors as square-wave 
modulators. P. GLEGHORN, (P), 94; (D), 100. 


N 


“NaAtsmitH, R., Hircucock, R. J., and EvaAns,G.O. (See HITCHCOCK.) 

Nametar, K. P. P. D.C. amplifier with high gain and large dynamic 
range. (dD), 461. 

Neiwork, quadrature, for generating vestigial-sideband signals. G.G. 
GourretT and G. F. NEWELL, (P), 253; (D), 281. 

Networks, 4-pole, having non-linear transfer characteristics but linear 
iterative impedances. E. C. CHERRY, (P), 26. 

—,, non-linear and linear a.c., analogy between. D. Q. MAyYNgE, 
(P), 410. 

New, A.A. Mechanisms of failure of capacitors with mica dielectrics. 
(e), 357. 

NEWELL, G. F., and GouriET, G. G. (See GOURIET.) 

Noise figure of amplifiers and convertors, comparison of. (See 
Amplifiers.) 

—,radio. (See Radio.) 

Non-linear and linear networks. (See Networks.) 

Northern Ireland, commercial television in. (See Television.) 

Noursz, O. Formulae of electromagnetism in M.K.S. system. 
(D), 340. 

N.P.L. caesium standard. (See Caesium.) 


oO 


On-off temperature control. (See Temperature.) 

Optical gratings, high-resolution measuring system using. B. J. 
Davis, R. C. Roppins, C. WALLIS and R. W. WILDE, (P), 624. 

Overseas and European services, B.B.C.’s. (See Broadcasting.) 

Oxide-cathode receiving valves. (See Valves.) 


P 


Pace, H. V.H.F. sound broadcasting. (p), 421. 

Papers published individually. 387, 635. 

Paraboloidal reflectors. (See Reflectors.) 

Parry, J. V. L., STEELE, J. McA., and Essen, L. (See Essen.) 

Pgarson, J. D., and Hatter, J. E. Comparison of gain, bandwidth 
and noise figure of variable-reactance amplifiers and convertors. 
(P), 305. 

Penny, C. J. A. Frequency variations of quartz oscillators. (p), 233. 

Permittivity, cavity-resonator method for measuring. J. K. SINHA 
and J. Brown, (P), 522. 

Perri, R. D. Sound broadcasting headquarters for B.B.C.’s Over- 
seas and European services. (D), 496. 

Phase measurement in the v.h.f.-u.h.f. band. G.D. Monreatu, D. J. 
WnrytTne and K. W. T. Huaues, (P), 150. 

—— -shift keying in fading channels. H.B. VoELcKER, (P), 31. 

Puiiiies, F. P. Subscriber trunk dialling. (p), 634. 

Pumurps, G. J. V.H.F. sound broadcasting. (p), 421. 

Pick, T. S., and READMAN, A. Recognition of moving vehicles by 
electronic means. (D), 387. 

Picture size, viewing distance and picture quality, relation between 
[television]. (p), 19. 


INDEX TO VOLUME 107, PART B 


641 


P.O. broadband links for commercial television. 

—— valves for repeaters. (See Repeaters.) 

PowELL, C. F. Cosmic radiation. (e), 389. 

Power measurement in u.h.f. band, coaxial film bolometer for. 
Harris, (P), 67. 

President’s Address. Sir WmLLIs JACKSON. 1. 

Prick, E. M. Monitoring loudspeakers. (b), 83. 

Prior, H. T., CHAPMAN, D. J. R., and WHITEHEAD, A. A.M. Applica- 
tion of transistors to line-communication equipment. (b), 511. 

Progress review on electrical units and standards. P. VIGOUREUX, 
(), 235. 

Propagation measurements at 3480 and 9640 Mc/s beyond the radio 
horizon. G. V. GeIcerR, N. D. LA FReENais and W. J. Lucas, 
(e), 531. 

—— of h.f. radio waves. (See Radio.) 

PROUDMAN, A. Digital-computer storage systems, etc. (D), 606. 

PULLING, M. J. L. Sound broadcasting headquarters for B.B.C.’s 
Overseas and European services. (D), 497. 


(See Television.) 


IL A. 


Q 

Q-band frequencies, dielectric properties of low-loss ceramics at. 
J. M. FREE and G. B. WALKER, (P), 354. 

Quadrature network. (See Network.) 

Quartz oscillators and the earth’s rotation, frequency variations of. 
L. Essen, J. V. L. Parry and J. McA. STEELE, (P), 229; (Dd), 232. 

Quasi-optical methods at millimetre wavelengths. L. Lewin (Sum- 
mary), 91; (D), 91. 


R 
Radiation, cosmic. C. F. PowELL, (P), 389. 
Radio-channel routes, multiple, frequency patterns for. B. B. 
JACOBSEN, (P), 241; (D), 249. 
—— noise, measurement of, by aural comparison method. 
J. HARwoop and B. N. HARDEN, (P), 53. 
—— noise, extra-terrestrial, as source of interference. FF. HORNER, 


(2), 373. 

— noise received in a narrow bandwidth. C. CLARKE, (P), 311. 

— horizon, propagation measurements at 3480 and 9640 Mc/s 
beyond the. G. V. GeicER, N. D. LA FRrENAIs and W. J. Lucas, 
(e), 531. 

— waves, high-frequency, propagation of, to long distances. 
F. Kirt, (P), 127. 

Radiocommunication, discrepancies between predicted and observed 
frequencies for use in. R. J. Hircrcocx, G. O. Evans and 
R. NatsmiTH, (P), 423. 

RANDALL, K. E., and WARD, F.L. Diffusion of sound in small rooms. 
(P), 439. 

Ranging system, frequency-modulated continuous-wave. 
and J. Larr, (P), 365. 

RATCLIFFE, J. A. Frequency patterns for multiple-radio-channel 
routes. (p), 251. 

RAYNER, G. H., and Forp, L. H. Improvements in precision 
measurement of capacitance. (P), 185. 

Read time, very short, digital computer store with. T. KmLBURN and 
R. L. GrIMSDALE, (P), 567; (D), 605. 

READMAN, A., and Pick, T. S. (See Pick.) 

Recognition of moving vehicles. (See Vehicles.) 

Recording of high-speed single-shot phenomena. 
(P), 615. 

Rectifier modulators. (See Modulators.) 

Rectifiers, controlled, using triode transistors. E. E. WARD, (P), 473. 

Reflector, slot-excited corner, for use in Band V (610-960 Mc/s). 
D. J. WHYTHE and K. W. T. HuGues, (P), 431. 

Reflectors, paraboloidal, with axial excitation. A. R. DONALDSON, 
J. P. FRENCH and D. MmpaLey, (P), 547. 
Repeaters, submarine telephone, P.O. valves for. 

F. H. REYNOLDs, (P), 165. 
Resistance-network analogue, electron-trajectory for use with. J. VINE 
and R. T. TAyLor, (P), 181. 
Resistors, fixed, long-term stability of. HH. F. CHurcn, (P), 377. 


J. HyMANS 


F. E. WHITEWAY, 


M. F. Hotmes and 


642 


Resonance, travelling-wave, properties of. J. R. G. TWwIsLETon, 
(e), 108; (pb), 123. 

Reversed lag, principle of, applied to on-off temperature control. 
H. SuTcCLIFFE, (P), 209. 

REYNOLDS, F. H., and Hotmes, M. F. (See HoLMes.) 

RicuHarbs, D. L., and Buck, G. A. Telephone echo tests. (), 553. 

Roacu, R. G., Wess, J. B., GOODCHILD, F. D., WALKER, H. S., and 
Axpous, W. H. (See WALKER.) 

Rossins, R. C., WALLIS, C., WILDE, R. W., and Davrgs, B. J. (See 
DAVIES.) 

Rosson, P. N., and Jurkus, A. (See JURKUS.) 

RoGAL, B., and Lemco, I. (See Lemco.) 

Rooms, small, diffusion of soundin. K.E. RANDALL and F. L. WARD, 
(P), 439. 

RusseLL, C. R. Parametric amplifiers. (b), 124. 

Rutter, C. D., WRIGHT, R. D., ALDRICH-SMITH, R. N., and Hewitt, 
E. J. R. Automatic continuous denier recorder for synthetic 
textile yarns. (Pp), 466. 


Ss 


SANTESMASES, J. G., ALIQUE, M., and Lioret, J. L. Ferroresonant 
systems of circuit logic. (P), 190. 

SARGROVE, J. A. Component selection and testing machine. 

Saturation effects in travelling-wave parametric amplifier. 
and P. N. Rosson, (Pp), 119; (dD), 123. 

Scare, R. W. A., and SETTERINGTON, R.A. Thermistors, their theory, 
manufacture and application. (P), 395; (bp), 408. 

Sensitivity control, automatic, for new subscriber’s telephone set. 
(dD), 386. 

Servo systems, a.c. transistor quadrature suppressor for. 
HUTCHEON and D. N. Harrison, (P), 73. 

SETTERINGTON, R. A., and ScARR, R. W. A. (See SCARR.) 

SHAW, E. Subscriber trunk dialling. (pb), 634. 

SHortTer, D. E. L. Monitoring loudspeakers. (b), 83. 

Signals, vestigial-sideband, quadrature network for generating. G.G. 
GourieT and G. F. NEWELL, (P), 253; (b), 281. 

Stim, A. C. Formulae of electromagnetism in M.K.S. system. (bd), 
339. 

Sims, L. G. A. Formulae of electromagnetism in M.K.S. system. 
(D), 339. 

Single-shot phenomena, recording of. F. E. WuHiTeway, (Pp), 615. 

SINHA, J. K., and Brown, J. New cavity-resonator method for 
measuring permittivity. (Pp), 522. 

Slot-excited corner reflector. (See Reflector.) 

SmitH, D. H., JerFreys, D. C., and HorrMan, G. R. (See HOFFMAN.) 

SmiTH, J. R. W., Kinc, G. H., and CARDWELL, T.C. (See CARDWELL.) 

SmirH, N. N. P. Henri de France colour television system. (b), 509. 

SNELL, H. Sound broadcasting headquarters for B.B.C.’s Overseas 
and European services. (Dp), 497. 

SNELLING, M. A. Thermistors. (p), 407. 

Solid-state masers. (See Masers.) 

SoLyMar, L., EAGLESFIELD, C. C., and KLINGER, Y. (See EAGLEs- 
FIELD.) 

Sosin, B. M. Modulation. (p), 283. 

Sound broadcasting, v.h.f. (See Broadcasting.) J 

, diffusion of, in small rooms. K.E. RANDALL and F, L. Warp, 

(Pe), 439. 

Stability, long-term, of fixed resistors. H. F. Caurcu, (P), 377. 

Standards, electrical units and. P. VicouREUx, (P), 235. 

STANFIELD, J. A. Automatic sensitivity control for new subscriber’s 
telephone set. (D), 386. 

STEEL, R. W. Subscriber trunk dialling. (bd); 633. 

STEELE, J. McA., Essen, L., and PARRY, J. V. L. (See EssEn.) 

STENNING, L. Frequency variations of quartz oscillators. (p), 234. 

STEPHENS, R. B. D.C. amplifier with high gain and large dynamic 
range. (D), 463. 

STEPHENSON, I. M. Experimental investigation of two-cavity klystron 
operating under large-signal conditions, (p), 60. 

Storage systems, electroluminescent, high-speed output signals from. 
G. R. HorrMan, D. H. SmirH and D. C., Jerrreys, (P), 599 

STRATFOLD, P. J. Thermistors. (pb), 408. 

Stuart, P. R., KALMAN, P. G., and GABor, D, (See GABOR.) 


(pv), 613. 
A. JURKUS 


Ipc 


INDEX TO VOLUME 107, PART B 


il 


Submarine telephone repeaters. (See Repeaters.) 

Subscriber trunk dialling. (See Trunk.) 

Sueur, R. Henri de France colour television system. (D), 508. 

Summers, D., and HurcHEON, I. C. (See HUTCHEON.) 

Sunspot-cycle variations in the discrepancies between predicted and} 
observed frequencies for use in radiocommunication. R. J.) 
Hitcucock, G. O. Evans and R. NaismitH, (P), 423. 

Suppressor, transistor quadrature, for a.c. servo systems. 
HUTCHEON and D. N. Harrison, (P), 73. 

Surface waves. H.E. M. BARLow (Communication), 240. 


control. (P), 209. 


Swrrt, F.G. Component selection and testing machine. (D), 613. 
Synthetic textile yarns. (See Textile.) 
{ 
i 
ek 4 
Tape structures, method for predicting characteristics of. J. ALLISON, j 
(e), 295. | 
Tayior, R. T., and Ving, J. (See VINE.) 


Telephone echo tests. D. L. RIcHARDs and G. A. Buck, (P), 553. 

—— set, new subscriber’s, automatic sensitivity control for. (D), 386. | 

—— system in Great Britain, development of. T. A. P. COLLEDGE, | 
(A), 16. | 

Television channel-sharing problem. J. K.S. Jowett, (P), 141. 

——.,, colour, Henri de France system of. R. CHASTE and P. CASSAGNE, 
(e), 499; (dD), 507. 

——, commercial, P.O. broadband links for. T.S. Wyte, (A), 14. 

—, monochrome and colour, new cathode-ray tube for. (D), 84. 

Temperature control, on-off, principle of reversed lag applied to. 
H. SurTcuirre, (P), 209. 

Terminations, frequency-selective, rectifier modulators with. D. P. 
Howson and D. G. Tucker, (P), 261; (p), 281. 

Testing machine for components. (See Components.) 

Textile yarns, synthetic, automatic continuous denier recorder for, 
C. D. Rutter, R. D. WricuT, R. N. ALDRICH-SmiTH and E. J. R. | 
HEwiIrT, (P), 466. 

Thermistors, their theory, manufacture and application. 
Scare and R. A. SETTERINGTON, (P), 395; (D), 405. 

Tuomas, L. A. Frequency variations of quartz oscillators. (D), 233. : 

THompson, P. M. D.C. amplifier with high gain and large dynamic 
range. (Dd), 463. 

Tuomson, A. F. H. Parametric amplifiers. (b), 123. 

Thoriated filaments for use in broadcasting. (See Broadcasting.) 

TOWNSEND, G.B. Henri de France colour television system. (D), 509. : 

Train performance computer. (bD), 20. 

Trajectory tracer. J. Vine and R. T. TAYLor, (P), 181. 

Transistor characteristic frequencies. (See Frequencies.) 

—— chopper-type d.c. amplifier. I. C. HuTCHEON and D. SUMMERS, 
(P), 451. i 

—-controlled component selection and testing machine. T. C. 
CARDWELL, J. R. W. SmiTH and G. H. KING, (P), 608; (D), 613. 

—— fast-carry circuit. (See Circuit.) 

—— quadrature suppressor. (See Suppressor.) 

Transistors, application of, to line-communication equipment. (D), 
Sit 

——,, triode, controlled rectifiers using. E. E. WARD, (P), 473. 

used as modulators. (See Modulators.) 

Travelling-wave amplifier. (See Amplifier.) 

resonance. (See Resonance.) 

Trunk dialling (subscriber). (p), 633. 

Tucker, D. G. 

Input impedance of rectifier modulators. 
Modulation. (bd), 283. 

Tucker, D. G., and Howson, D. P. (See Howson.) 

Turner, L. W. V.H.F. sound broadcasting. (Dp), 422. 

TwIsLETON, J. R. G. Properties of travelling-wave resonance. (P), 
108. 


R. W. A. 


(P), 273. 


U 
U.H.F. band, measurement of power in. 
Units and standards, electrical. 


(See Power.) 
P. VIGOUREUX, (P), 235. 


Vv 


Valves, high-power transmitting, with thoriated filaments for use in 
| broadcasting. H. S. WALKER, W. H. Atpous, R. G. Roacu, 
J. B. Wess and F. D. GoopcHILD, (P), 172. 


-. oxide-cathode receiving, anode luminescence in. H. N. 

| DAGLISH, (P), 481. 

|, P.O., for deep-water submarine telephone repeaters. M. F. 
Homes and F. H. REYNOLDS, (P), 165. 

Vehicles, moving, recognition of, by electronic means. (D), 386. 


Vestigial-sideband signals. (See Signals.) 
\V.H.F.-U.H.F. band, amplitude and phase measurement in. 


G. D. 


system. (P), 331; (D), 340. 
| Electrical units and standards. (e), 235. 
Theory of solid-state masers. (D), 352. 


VINE, J., and TAyLor, R. T. Improvement to electron-trajectory 


il tracer. (P), 181. 

B ieeoder control signals, correlator applied to analysis of. A. R. 
4 BILLINGS and D. J. Lioyp, (P), 435. 

_ VOELCKER, H. B. Phase-shift keying in fading channels. (P), 31. 
Voltage stabilization, corona discharge and its application to. E. 
t) CoHEN and R. O. JENKINS, (P), 285. 


| 


| 


Ww 
b Wacstarr, M., Cooke, F., and BRADSHAW, E. (See BRADSHAW.) 
WALDRON, R. A. 
Parametric amplifiers. (Db), 124. 


Water, G. B., and Free, J. M. (See FREE.) 

' Warker, H. S., Avpous, W. H., Roacu, R. G., Wess, J. B., and 

‘| GoopcHILD, F.D. High-power transmitting valves with thoriated 

___ filaments for use in broadcasting. (), 172. 

| Warker, T. H. Digital-computer storage systems, etc. 

_ WALLING, J.C. Theory of solid-state masers. (0), 352. 
'WALLIs, C., WILDE, R. W., Davies, B. J., and Rossins, R. C. (See 

| Daves.) 

' Warp, E. E. Design of controlled rectifiers using triode transistors. 

a) (), 473. 

Warp, F. L., and RANDALL, K. E. (See RANDALL.) 

_ Waters, W. E. Theory of solid-state masers. (D), 352. 

_ Watson, J. A.C. operation of ion chambers at high fluxes. (P), 216. 


Watson, S. N. Henri de France colour television system. (D), 509. 


| Waveguide modes. (p), 92. 


(D), 606. 


| 
| 
| 
ai 
| 
| 


INDEX TO VOLUME 107, PART B 


643 


Waveguide modes, classification of. A. E. KARBowlIAk, (P), 85, 
(dD), 91. 
—— tapers, non-reflecting. H.E. M. Bartow, (P), 515. 


Wavelengths, millimetre, quasi-optical methods at. L. Lewin, 
(Summary); 91; (b), 91. 
Wavemeter cavity, use of wire-wound helix to form. H. E. M. 


BARLow, H. G. EFFeMeEy and P. H. HARGRAVE, (Noite), 66. 

Waves, electromagnetic, physical classification of. H.E.M. Bartow, 
(Communication), 552. 

—— frequency-modulated with a single tone, distortion of. R. G. 
MEDHURST, (P), 155. 

Weapon systems engineering. W.D. MALLINSON, (A), 19. 

Wess, J. B., GOODCHILD, F. D., WALKER, H. S., ALDous, W. H., and 
Roacu, R. G. (See WALKER.) 

WesB, J. K. Component selection and testing machine. 

WESTAWAY, H.R. Thermistors. (D), 407. 

Waite, E. L.C. Modulation. (bd), 282. 


(D), 614. 


Wuite, R. W. Parametric amplifiers. (pb), 124. 

WHITEHEAD, A. A. M., Prior, H. T., and CHAPMAN, D. J. R. (See 
PRIOR.) 

WHiTeway, F. E. Recording of high-speed single-shot phenomena. 
(P), 615. 


WayTheE, D. J., and HuGHEs, K. W. T. Slot-excited corner reflector 


for use in Band V (610-960Mc/s). (e), 431. 

WuyTHE, D. J.. HuGHEs, K. W. T., and MonTeaTH, G. D. (See 
MONTEATH.) 

Wippis, F.C. Thermistors. (Db), 405. 

WILDE, R. W., Davies, B. J., ROBBINS, R. C., and WALLIS, C. (See 


DAVIES.) 

WILLIAMS, F. Sound broadcasting headquarters for B.B.C.’s Over- 
seas and European services. (D), 496. 

WILLIAMS, F. E., and Witson, F. A. Automatic sensitivity control 
for new subscriber’s telephone set. (D), 386. 

WILLIAMSON, D. Thermistors. _(D), 408. 

WILLSHAW, W.E. Theory of solid-state masers. (D), 352. 

WILSON, F. A., and WILLIAMS, F. E. (See WILSON.) 

Wire-wound helix. (See Helix.) 

WRIGHT, R. D., ALDRICH-SMITH, R. N., Hewitt, E. J. R., and 
Rutter, C. D. (See RUTTER.) 

Wyuie, T. S. Address as chairman of Northern Ireland Centre. 14. 


Y 


YorKE, R. Formulae of electromagnetism in M.K.S. system. 
340. 


(0), 


Printed in Great Britain by 
UNWIN BROTHERS LIMITED, WOKING AND LONDON 


a 
7 t = We 
5 
ee 
hy 
' 
t 
i 
i 
* 
« 


i 
> 
Mie y 
Z 5 4 
oie ye e 
ers sd 
at a 
‘ 
| oie 


( 4 aaa: Weer: 
rs Tea wa foe! 


ee ve, v 
whi 
eras 
o 
{ 
yo 


; 
r inal , he 
i 
= ‘ 
Sib 
we 
j s 4 
lf 
car) 


iH shad enctaurgl ital che 
Ue ee 

Hein ter es ; 

SO ia) Bin 

nf. $ Pyeee pig on ‘ 

Fee, BR 


wha byt mae oe ath 5 


ta oie! CS ee ae 
; hiths Porcine 


Nin 


u can goa long way before you finally pin it down. Give us an idea of the 
d of specimen you are oe and we may be able to give you the answer. 


list of Ediswan Wiasda tran- 
This could be it! 


If you are looking for a VHF pnp drift 
transistor, the XA131, a recent addition 


rs is constantly growing; 


to our range, may be the one you want. It 

‘US a is suitable for use as a Local Oscillator up 

g you details of the very to 250 Mc/s or an R.F. Amplifier up to a 
x frequency of 100 Mc/s. 


: IS | vAl | ‘Associated Electrical industries Limited 


MAZDA F f eae 
Radio & Electronic Components Division 
P CON DUCTORS ; Semiconductor Department, 155 Charing Cross Road, London W.C.2 
= Z Tel: GERrard 8660 Telegrams: Sieswan Wescent London 


CRC 15/74 


PROCEEDINGS OF THE INSTITUTION OF ELECTRICAL ENGINEERS ei 
Part B. ELECTRONIC AND COMMUNICATION ENGINEERING (INCLUDING RADIO ENGINEERING), NOVEMBER | : 


CONTENTS 


Planning and Installation of the Sound Broadcasting Headquarters for the B.B.C.’s Overseas and European Services 
F. Axon, D.C.M., and O. H. Barron, M.B.E., B. 


Henri de France Colour Television System.................. R. Cuaste, Ing.E.S.E., L.és. Sc., and P. CASSAGNE, Ing.E. NS. Te L.és.Sc 
Discussion on ‘The Application of Transistors to Line-Communication Equipment’ Ee ECT ORE Meus ichi nim ae 

A New Hjo-to-H29 Mode Transducer ........... eee ee eee C. C. EAGLESFIELD, M.A., Y. KLINGER, Ph.D., and L. SOLYMAR — 
INon-Reflecting: Waveguide Papers ie /hic 20 '= a4 sustain ale elouels ete telat eiaaiels Hearse Veta eaten ats Prof. H. E. M. Bartow, B. Sc.(Eng.), Ph. 


A New Cavity-Resonator Method for Measuring Permittivity .............. J. K. Smvma, M.Sc., Ph.D., and J. Brown, D.Sc. (Eng. ae 
Propagation Measurements at 3 480 and 9640 Mc/s beyond the Radio Horizon 
G. V. GeicEr, B.Sc., N. D. LA FRENAIS, B.Sc.(Eng.), and W. J. Lucas, M.Sc. ~ 


Paraboloidal Reflectors with Axial Excitation........ A. R. DONALDSON, B. Sc., I. P. FRENCH, B. Sc., and D. Minctey, B.Sc., Ph.D 
A: Physical’ Classification of Electromagnetic’Waves'-..0 stestine eae eke elena ete tie eels olaiere © Prof. H. E. M. BARLOW, Ph.D., B. Se. (Eng. 
Telephone ECho: Wests psc visas scsiciole aicrsiiore eaie cia ST Lee eee ee yee Rane D. L. RicHarps, B.Sc.(Eng. i and G A. Buc 
Industrial, Biological and Medical Aspects of Microwave Radiation...................-..:--- Mee, Harvey, D.Phil., B.Sc.(Eng. 


A Digital Computer Store with Very Short Read Time. .Prof. T. KmpurN, M.A., D.Sc., Ph.D., and R. L. GRIMSDALE, M. Sc.@Phe 
A Parallel Arithmetic Unit using a Saturated-Transistor Fast-Carry Circuit 

Prof. T. Kitpurn, M.A., D.Sc., Ph.D., D. B. G} Epwarps, Ph.D., M.Sc., and D. AsPINALL, M.Sc 
Ferrite-Core Memory Systems with Rees Cycle Times 
D. B. G. Epwarps, Ph.D., M.Sc., M. J. LANIGAN, M.Sc., and Prof. T. Kitpurn, M.A., D.Sc., Ph. 
High-Speed Light Output Signals from Electroluminescent Storage Systems 
G. R. HorrMan, Ph.D., B.Sc., D. H. SMITH, MSc., P Ph.D., and D. C. JerFreys, M.Sc. 

Discussionon the above four papers oo... $2 4 elie ce e2Gcececeeecee seater cesar ce SeETIAE oe Fo ees Lalu beams Jase) sie a Mane telete aie een ete re ae on 
An Experimental Transistor-Controlled Component Selection and Testing Machine 
. CARDWELL, B.Sc.(Eng.), J. R. W. SMITH, M. Sc., any Ge Kina, B.Sc. 

The ‘Recording, of High-Speed 'Single-Shot. Phenomena’ ys a)keek ane erence rele ototero ere a's cae) el ered ni etal nineteen F. E. Wuireway, B. Sc y: 
A High-Resolution Measuring System using Coarse Optical Gratings 
B. J. Davies, B.Sc.(Eng.), R. C. Roseins, B.A., C. WALLIs, B.Sc., and R. W. WILDE, B.Sc. 


Pewee wee eee eee mere meee re eee eee seer rns sete see eee eeresseessereneesevssaeesssssseasse 


Discussion on ‘Subscriber Trunk Dialling’ 


Paper and Monographs published individually 


ee ee ee ee ee ee ee ee ee i ee Ci CeCe CaCO NLC) 


ADVERTISEMENT DEPARTMENT: CHANGE OF ADDRESS ' 
Copy for advertisements and inquiries about advertising space should in future be addressed to 
Advertisement Dept., The Institution of Electrical Engineers, Savoy Place, W.C.2. 


DOOYOO OO OD BEA OOO OOOO 


THE BENEVOLENT FUND 


i 


During the last few years the amount received from subscriptions and donations has been 
insufficient to meet the cost of grants and management charges. The deficiency is met by 
making encroachments on capital funds. This may one day prove to be disastrous unless it is 
checked. Will you help to ensure that the income from subscriptions exceeds outgoings? 
Subscriptions, preferably under Deed of Covenant, and Donations may be sent by post to 
THE HONORARY SECRETARY 
THE INCORPORATED BENEVOLENT FUND OF THE INSTITUTION OF 
ELECTRICAL ENGINEERS, SAVOY PLACE, W.C.2 
or may be handed to one of the Local Honorary Treasurers of the Fund. 


Though your gift may be small, please do not hesitate to send it. 


Ww 


LOCAL HON. TREASURERS OF THE FUND: : 
EAST MIDLAND CENTRE . . . . . L. Adlington SCOTTISHCENTRE .. . . R.A. Dean, B.Sc.Tech. 


IRISH BRANCH... A. Harkin, M.E. NORTH SCOTLAND SUB-CENTRE. . . . P. Philip 
MERSEY AND NORTH WALES CENTRE D. A. Picken SOUTH MIDLAND CENTRE. .. . . H. M. Fricke , 
TEES-SIDE SUB-CENTR W. K. Harrison RUGBY SUB-CENTRE P.G Rake B.Sc “= 
NORTH-EASTERN CENTRE | |. J. F. Skipsey, B.Sc. SOUTHERN CENTRE... . |... SLE. Brunmen ana 
NORTH MIDLAND CENTRE E. C. Walton, Ph.D., B.Eng. 2 Lae (rs | en ea ea 
SHEFFIELD SUB-CENTRE . . . F. Seddon WESTERN CENTRE (BRISTOL). . . A. H. McQueen 
NORTH-WESTERN CENTRE. .E. G. Taylor, B.Sc.(Eng.) WESTERN CENTRE (CARDIFF). ._ .E. W. S. Watt 
NORTH LANCASHIRE SUB-CENTRE . . ‘H. Charniey WEST WALES (SWANSEA) SUB-CENTRE _O.. J. Mayo 
NORTHERN IRELAND CENTRE . . G. 4H. Moir, J.P. SOUTH WESTERN SUB-CENTRE . . . W. E. Johnson 


Members are asked to bring to the notice of the Court of Governors any deserving cases of which they may have knowledge. 


ee Se 


Published by The Institution, Savoy Place, London, W.C.2. Telephone COVent Garden 1871. Telegrams: ‘Voltampere, Phone, London.” “ 


| 

| 

DK QE SE DE SE XE SBE. SKE KER SO EXO XO EX IIE OX OI EE&_ODLI&_O_ : 
Printed by Unwin Brothers Limited, Woking and London. | 


